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SYNTHÈSE :

Dans le cadre d'un contrat de collaboration entre EdF et ENEL, les résultats des
codes MAAP et ECART concernant la rétention des produits de fission par le circuit
primaire d'un REP 1300 MWe lors d'un accident de petite brèche ont été comparés.

Les produits de fission volatils Csl, CsOH, TeO2 et les matériaux de structure,
relâchés assez rapidement par le cœur, sont retenus plus fortement dans MAAP que
dans ECART. Par contre, les produits de fission non volatils, relâchés plus
tardivement, se déposent davantage dans ECART que dans MAAP : ceci parce que ce
dernier ne tient pas compte de la diffusiophorèse, phénomène de dépôt très important
lorsque le cœur vaporise l'eau de fond de cuve. Le dépôt centrifuge dans les coudes,
modélisable dans ECART seulement, augmente faiblement la rétention totale dans le
circuit.

HERVOUET G, RANVAL W.,
PAROZZI F., EUSEBI M. : ENEL - ATN - Subarea Ingegneria - ARSM
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(HT-31/95/031/B)



EXECUTIVE SUMMARY :

In the framework of a collaboration agreement between EdF and ENEL, the
MAAP and ECART predictions about the fission product retention inside the reactor
cooling system of a French PWR 1300 MWe during a small Loss of Coolant Accident
were compared.

The volatile fission products Csl, CsOH, TeO2 and the structural materials, all
of them released early by the core, are more retained in MAAP than in ECART. On the
other hand, the non-volatile fission products, released later, are more retained in
ECART than in MAAP, because MAAP does not take into account diffusiophoresis :
in fact, this deposition phenomenon is very significant when the molten core vaporises
the water of the vessel lower plenum. Centrifugal deposition in bends, that can be
modeled only with ECART, slightly increases the whole retention in the circuit if it is
accounted for.
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Pour une lecture rapide

Lors d'un accident grave dans un réacteur nucléaire (événement à la probabilité
d'occurence très faible, caractérisé par une perte totale de la fonction de refroidissement du
coeur) les produits de fission relâchés par le combustible dégradé, entraînés par le courant
gazeux, traversent pour la plupart sous forme d'aérosols une partie du circuit primaire avant
d'être relâchés dans l'enceinte. Dans l'hypothèse d'une défaillance de celle-ci, ils peuvent
alors être rejetés à l'extérieur. Plus leur déposition dans le circuit primaire est importante,
plus leur rejet potentiel dans l'environnement sera faible. C'est pourquoi l'évaluation du
terme source lors d'un accident grave nécessite de bien connaître les mécanismes de
transport et de dépôt des aérosols dans les circuits.

Ces mécanismes sont modélisés dans le code italien ECART (ENEL Code for
Analysis of Radionuclide Transport) dédié (dans sa version 1994) spécifiquement au
transport des vapeurs et aérosols dans les circuits. Ils le sont également dans le code MAAP
(Modular Accident Analysis Program), outil de simulation globale des accidents graves
développé aux USA et utilisé par EdF pour ses études liées à ce type d'accidents (Etudes
Probabilistes de Sûreté de niveau 2 en particulier).

ECART ne se préoccupe que du transport des radionucléides. MAAP au contraire
est un code intégré qui traite l'ensemble des phénomènes physiques liés aux accidents
graves. Par suite les modélisations adoptées dans ces deux codes pour prédire le
comportement des aérosols dans le circuit primaire n'ont pas le même niveau de précision :
les modèles de MAAP sont moins fins que ceux d'ECART. En particulier, MAAP utilise des
corrélations générales et ne prend pas en compte la distribution en taille des particules.
ECART au contraire détermine vitesses de dépôt et taux de coagulation en fonction des
rayons des aérosols, et calcule l'évolution de la distribution en taille des particules en
suspension.

Il a donc paru intéressant, dans le cadre d'un contrat de collaboration de 2 ans signé
en 1993 entre EdF et ENEL, de comparer, pour un scénario donné d'accident, les résultats
de MAAP et d'ECART concernant la rétention des produits de fission dans le circuit
primaire. L'objectif poursuivi était d'estimer l'impact sur la masse totale, la cinétique, la
localisation et la nature chimique des dépôts :

- des différences de modélisations existant entre MAAP et ECART, à phénomènes
modélisés identiques : condensation/evaporation des produits de fission,
sédimentation, thermophorèse, diffusiophorèse;

- des phénomènes modélisés uniquement dans ECART : resuspension, dépôt dans les
coudes, 'multi-composition' des aérosols (masse volumique de chaque particule
fonction de sa composition chimique).

En pratique, une simulation d'accident de petite brèche sur la branche froide d'un
REP 1300 MWe, sans injection de sécurité, a d'abord été effectuée avec MAAP. Les
paramètres thermohydrauliques (pression, températures, débits de vapeur d'eau et
d'hydrogène), ainsi que les débits massiques des matériaux relâchés par le coeur (produits de



fission, matériaux de structure) déterminés par MAAP pour toute la période où les aérosols
traversent le circuit primaire (en pratique, du début de la dégradation du combustible à
l'assèchement complet de la cuve) ont été introduits en données dans ECART. Celui-ci a été
exécuté plusieurs fois : d'abord en ne prenant en compte que les phénomènes modélisés par
MAAP, puis en ajoutant d'autres phénomènes. Les dépôts prédits dans chaque code ont
alors été comparés.

Tant qu'il n'y a pas de condensation de vapeur significative dans le générateur de
vapeur de la boucle cassée, la rétention totale dans le circuit primaire est plus forte dans
MAAP que dans ECART, et par suite la quantité relâchée dans l'enceinte est plus faible, ce
d'environ 10 % (en fraction de la source) à l'instant final. C'est le cas pour les produits de
fission volatils: Csl, CsOH, TeO2., relâchés à 57 % dans MAAP, 67 % dans ECART. Le
comportement des matériaux de structure est très similaire : ils sont relâchés à 47 % dans
MAAP, 57 % dans ECART.

Au contraire, lorsqu'une forte condensation de vapeur se produit dans le générateur
de la boucle cassée, la rétention totale dans le circuit primaire est plus faible dans MAAP que
dans ECART, essentiellement parce que MAAP ne prend pas en compte le dépôt par
diffiisiophorèse (contrairement à ce qui est indiqué dans la documentation). Par suite la
quantité relâchée dans l'enceinte est plus forte dans ce dernier code, ce d'environ 18 % (en
fraction de la source) à l'instant final. C'est le cas pour les produits de fission non volatils,
relâchés à 54 % dans MAAP, 36 % dans ECART. Emis plus tardivement par le coeur, ils
sont présents en forte concentration dans le circuit lorsque le coeur, très dégradé, chute dans
l'eau du fond de cuve, provoquant une forte émission de vapeur, suivie d'une condensation
massive dans les G.V.

Par ailleurs, l'importance relative de chaque phénomène de dépôt dans les différents
composants du circuit varie d'un code à l'autre. La sédimentation est toujours plus forte
dans MAAP, ainsi que la vitesse de dépôt par thermophorèse, ceci parce que :

- la viscosité du mélange gazeux, ainsi que l'épaisseur de la couche limite ne sont pas
calculés de la même façon dans les deux codes;

- MAAP ne prend pas en compte la taille des particules : dans ce scénario, les
corrélations utilisées paraissent ajustées à des particules trop grosses pour la
sédimentation, et trop fines pour la thermophorèse.

La condensation des produits de fission volatils sur les parois est un phénomène très
secondaire : le fait que MAAP et ECART utilisent des corrélations différentes pour
déterminer les pressions de vapeur saturante et les coefficients de diffusion n'a par suite
aucun impact sur la rétention totale.

Parmi les phénomènes modélisés uniquement par ECART, seul le dépôt inertiel dans
les coudes des tubes G.V. modifie légèrement la rétention dans le circuit : dépôt
supplémentaire de 4% à 7% de la masse émise par le coeur. La resuspension n'a ici aucun
impact car les particules déposées sont trop petites et la vitesse du gaz trop faible. La 'multi-
composition' des aérosols ne joue pas non plus : les tailles initiales des particules étant très
semblables, quelle que soit l'espèce considérée, les aérosols créés par coagulation sont tous
de même composition chimique, et par suite de même masse volumique.

En conclusion, il est intéressant de constater que bien que MAAP et ECART
modélisent de façon très différente le comportement des radionucléides dans le circuit



primaire, lorsque les phénomènes pris en compte sont les mêmes : condensation/evaporation,
thermophorèse, sédimentation, la rétention totale dans le circuit est du même ordre de
grandeur. L'importance relative de chaque mécanisme de dépôt diffère dans les deux codes :
mais ces écarts se compensent, d'autant plus facilement que dans le scénario étudié, les
aérosols traversent une longue portion du circuit primaire : ils ont une forte probabilité de se
déposer d'une façon ou d'une autre. Le bon accord observé ici ne peut donc être généralisé
à n'importe quel scénario sans étude préalable.

La difïusiophorèse constitue un mécanisme de dépôt très important dès lors qu'un
fort débit de vapeur (lié par exemple à la chute du coeur dans l'eau du fond de cuve)
traverse le circuit. Il est donc indispensable que MAAP le prenne effectivement en compte.

Le dépôt inertiel dans les coudes ne modifie que faiblement ici la rétention totale
dans le circuit. Des études supplémentaires seraient nécessaires pour déterminer son impact
ainsi que celui de la resuspension ou de la multi-composition des aérosols lors d'autres
scénarios accidentels.



For a quick reading

During a severe accident in a nuclear power plant (a very hypothetical event,
characterized by the loss of the core cooling function), the fission products that are released
by the degraded fuel, are carried mostly as airborne particles by the gas flow along the
reactor cooling system. Then they are released into the containment. If this latter fails, they
could reach the environment. The higher their retention in the reactor cooling system (by
deposition on its walls), the lower is their potential release into the environment. That is why
the assessment of the source term during a severe accident needs a good knowledge of the
mechanisms of aerosol transport and deposition inside pipes.

These mechanisms are modeled in the italian code ECART (ENEL Code for Analysis
of Radionuclide Transport), specifically dedicated (in its 1994 version) to the transport of
vapours and aerosols in pipes. They are modeled also in the MAAP code (Modular Accident
Analysis Program), a tool developed in the U.S.A. for severe accident simulation and used
by EdF for studies related to these accidents (particularly Probalistic Safety Analyses of level
2).

ECART only deals with radionuclide transport. On the contrary MAAP is a non-
specialized code that deals with all the physical phenomena related to severe accidents.
Therefore the models implemented in these two codes to predict the aerosol behaviour inside
the reactor cooling system do not have the same level of accuracy : the MAAP ones are
rougher than the ECART ones. In particular, MAAP uses general correlations and does not
take into account the particle size distribution. On the contrary, ECART determines the
deposition velocities and the coagulation rates as functions of aerosol radius, and calculates
the evolution of the suspended particle size distribution.

In the framework of a 2-year-collaboration agreement, signed by EdF and ENEL in
1993, the MAAP and ECART predictions of the fission product behaviour inside the
primary system during a given accident scenario were compared. The goal was to assess the
influence on the total mass, the kinetics, the localisation and the chemical nature of the
deposits :

- first, of the differences between MAAP and ECART theoretical models when the
same phenomena are taken into account : condensation/evaporation of volatile
fission products, gravitational settling, thermophoresis, diffusiophoresis;

- second, of the mechanisms that are modeled only by ECART : resuspension,
centrifugal deposition in bends, 'multicomponent' behaviour of the aerosols (mass
density of each particle depending on its chemical composition).

Practically, a small Loss of Coolant Accident, initiated by a leak in the main pump
seals of a French 1300 MWe PWR, with failure of the Emergency Core Cooling System,
was simulated with MAAP. The thermal-hydraulic parameters (pressure, temperatures,
steam and hydrogen flow rates) and the mass flow rates of the materials released by the core
(fission products, structural materials) that were calculated by MAAP for the main
radionuclide transport period (from the beginning of the fuel degradation to the end of the
vessel dryout) were input as data in ECART. This code was run several times : first, taking
into account the same phenomena as MAAP does, second, adding others. Then the deposits
predicted by each code were compared.



As long as no significant steam condensation occurs in the steam generator of the
broken leg, the whole retention in the primary circuit is higher in MAAP than in ECART:
therefore the mass released into the containment is lower, by about 10 % (of source mass) at
the end of the simulation. That is the case for the volatile fission products : Csl, CsOH,
TeO2, released at 57 % in MAAP, 67 % in ECART. The behaviour of the structural
materials is similar : they are released at 47 % in MAAP, 57 % in ECART.

On the contrary, when steam significantly condensates in the generator of the broken
leg, the whole retention in the primary circuit is lower in MAAP than in ECART, mainly
because MAAP does not account for diffusiophoresis, although this mechanism was
mentioned in the code documentation. Therefore the mass released into the containment is
higher in this last code, by about 18 % (of source mass) at the end of the simulation. That is
the case for the non-volatile fission products, released at 54 % in MAAP, 36 % in ECART.
Released later by the fuel, they are present at high concentration when the degraded core
falls into the vessel lower plenum and generates large quantities of steam that immediately
condensate in the steam generators.

Moreover, the influence of each deposition mechanism inside the various system
components is different in both codes. In MAAP, gravitational settling always plays a more
important part, and the thermophoretical deposition velocity is higher, mainly because :

- the gas mixture viscosity, as the boundary layer thickness, are calculated in different
ways;

- MAAP does not account for the particle size : in this scenario, correlations seemed
to be adjusted to too tiny particles for thermophoresis, too big ones for
gravitational settling.

The condensation of the volatile fission products onto the walls is an insignificant
deposition phenomenon. Therefore, although MAAP and ECART use different correlations
to calculate the equilibrium concentrations or the vapour diffusion coefficient, it does not
influence the total retention.

Concerning the phenomena that are modeled only by ECART, centrifugal deposition
is the only one that slightly modifies the total retention inside the primary system : the
deposited mass increases by 4% to 7% of the core released mass. Resuspension does not
play any part because the deposited particles are too tiny and the gas velocity too low. The
'multicomponent' aerosol behaviour is insignificant : the initial particle sizes are equal for all
the species, therefore all the conglomerates created by coagulation have the same chemical
composition and the same mass density.

In conclusion, although the models used by MAAP and ECART to describe the
radionuclide behaviour inside the primary system are very different, it is interesting to
observe that they predict a total retention of the same order when they take into account the
same phenomena : condensation/evaporation, thermophoresis, gravitational settling. The
influence of each mechanism differs in both codes : but these discrepancies are mitigated by
a self-compensation, all the more easily since particles are here transported throughout a
long part of the primary system : they have a high probability to be retained one way or
another. The good agreement observed here between the MAAP and ECART results can
deteriorate in other accident scenarios.



Diffusiophoresis is a very significant deposition phenomenon as soon as large
quantities of steam are released in the primary system (for instance when the degraded core
falls into the water of the vessel lower plenum). MAAP should actually take it into account.

Centrifugal deposition in bends slightly modifies the whole retention in the primary
circuit. Other works would be necessary to determine its impact as the one of the
resuspension or the multicomponent aerosol behaviour for other accident scenarios.
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1. INTRODUCTION

The mechanistic analysis of LWR severe accident scenarios implies the management of
simulators describing completely different phénoménologies: classic thermal-hydraulics are
usually taken as a boundary condition for fission product release and transport, while the
radionuclides behaviour throughout the nuclear island is often described employing specific
models belonging to the field of thermodynamics, fluidodynamics, aerosol physics and
chemistry.

In the recent past, the large scale experimental programs, like ATT-Marviken-V or
LACE, pointed out the need to complete or improve the code modellization for relevant
phenomena poorly accounted in the early severe accident studies. Aerosol models for
deposition under turbulent conditions or within bent pipeworks, for transport under two-
phase flow within the coolant system and, in particular, for physical resuspension were the
object of research actions led by ENEL with the support of the European Commission.

To manage so complex analyses, and to have a demonstration tool with full capability
for the proposed models, in agreement with regulatory body indications, a computer code,
called ECART (Enel Code for Analysis of Radionuclide Transport) was designed. Its
development is still managed by ENEL with support of Synthesis, Themas, University of
Pisa, and Politecnico of Milano.

Through an ad-hoc agreement signed in 1993 between EDF-SEPTEN and ENEL on
joint research actions on LWR severe accident studies, EDF started a significant financial
and technical contribution to the development and validation of this computer tool, involving
its Research and Development Division at Chatou and CNRS. The validation of the aerosol-
vapour section of ECART was a first target of the part of the EDF-ENEL Agreement for
the studies related to the radionuclide transport, whose actions were partially funded also by
the European Commission as a part of the RCA Source Term Project.

ECART mainly consists of three phenomenological sections running in parallel with a
synchronization criterion under a unique code header: one section is devoted to thermal-
hydraulics, one to the prediction of chemical speciation and one to vapour and aerosol
transport processes. In particular, the aerosol and vapour section, mainly based on the
knowledge acquired through ATT-Marviken, LACE, and DEMONA experimental
programs, is presently quite well validated and is the object of the present work.

Being the final scope of ECART the calculation of the source term associated to power
plant accident scenarios, a test of this tool on a significant case and a comparison with a
more recognized code was judged as a key step.

At this regard, an interesting reference input data base was set up by EDF-SEPTEN
with reference to a small LOCA on a main pump seal of the Standard French 1300 MWe
PWR: the analysis presented in this report, jointly performed by EDF-DER Chatou and
ENEL-ATN Milano, is based on it.

MAAP4 code, developed by Fauske & Associates Inc. for EPRI to be widely used in
plant analyses in support to PSAs, equipped with quite good thermal-hydraulic modellization
of LWR severe accidents, was adopted for the code comparison. Its thermal-hydraulic
simulation of the considered scenario, and the related releases from core, were taken as
common boundary conditions for the comparison on radionuclide transport.
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2. REFERENCE PLANT

On the basis of available data, an arrangement to model the reference plant and to be
able to perform the analyses, was necessary.

Actually, the reference plant was constituted by a combination of the primary system of
a French Pressurized Water Reactor (PWR), here accounted in detail [EDF, 1979], and a
Zion-like nuclear power plant as regards generic containment systems not specifically
involved in the analysis [Westinghouse, 1979; Fauske& Ass., 1994].

The plant has a thermal output of 3800 MW and an electric output of about 1300 MW,
and is of the Westinghouse four-loop design. Tab. 2.1, reports its major characteristics.

In a PWR, two closed loops (primary and secondary) are provided to transfer energy
from the reactor core to the turbine generator (Figure 2.1). In the primary loop, sub-cooled
borated water is pumped continuously from the reactor core to the steam generators and
back to the reactor core. Heat is transferred from the primary system to the secondary
system in the steam generators, boiling the water on the secondary side producing steam.
The steam is then passed through the main steam lines to the steam-turbine, and to the main
condenser. The condensate is then pumped back to the steam generator.

2.1 Primary system (French PWR)

The primary coolant system consists of four closed reactor coolant loops connected in
parallel to the Reactor Pressure Vessel (RPV), each containing motor-driven reactor coolant
pumps and a steam generator (Fig. 2.2). An electrically-heated pressurizer is connected to
one of the loops through a surge line. The pressurizer also has internal water sprays to assist
in pressure control.

The reactor core is composed of uranium dioxide pellets enclosed in Zircaloy tubes with
welded end plugs. The tubes are supported in a 17 x 17 square array in the fuel
assemblies. Within the fuel assembly, the mechanical control rods consist of clusters of
silver-indium-cadmium absorber rods with stainless steel clad and Zircaloy guide tubes
(Fig. 2.3). Since the fuel assemblies are of an open-lattice design, the core is not
hydraulically segmented.

Boron concentration in the primary coolant is varied in order to control relatively slow
reactivity changes, including the effects of fuel burnup. The control rods are used to control
large reactivity changes such as start-up or shutdown. The Control Rod Drive Mechanisms
(CRDM) are mounted on the RPV upper head and are of the magnetic latch design. The
design is such that the control rods are unlatched when the CRDMs are de-energized and are
rapidly inserted into the core by gravity.

The RPV and reactor internals contain and support the fuel and control rods (Fig. 2.4):
the RPV is cylindrical with hemispherical heads and is cladded inside with stainless steel
(Fig. 2.5). The upper head contains penetrations for CRDs and instrumentation. The lower
head also contains instrumentation penetrations.

The reactor coolant flow is directed, by the RPV internals, down outside the core
barrel, up through the fuel to the upper plenum area, and out to the primary coolant loops.

The pressurizer is a cylindrical pressure vessel which controls primary system pressure
through the use of electrical heaters and sprays (Fig. 2.6). Steam can either be formed by
the heaters, or condensed by a pressurizer spray to minimize system pressure variations due
to contraction and expansion of the coolant. Spring-loaded steam safety valves, normally

15



provided for overpressure protection, are connected to the pressurizer and discharge to the
pressurizer relief tank, where the discharged steam is condensed and cooled by bubbling
through water.

The steam generators make primary coolant to pass through the tube side which heats
and boils the water on the secondary side (Fig. 2.7). Steam generators are of U-tube design
with tubes in inconel. Integral moisture-separating equipment reduces the moisture content
of the steam. Pressure relief of the secondary side is provided by safety-valves and
atmospheric relief valves.

Steam exits the steam generator through the main steamlines to the steam-driven
turbine generator. After energy is extracted, the steam is discharged into the main
condenser. Then, the condensate is pumped back to the steam generator by the low-
pressure condensate pumps and high-pressure feedwater pumps. For emergency and start-
up conditions, the Auxiliary Feedwater (AFW) system is used to supply water to the steam
generators. The AFW system nominally includes two steam turbine AFW pumps and an
electric AFW pump, which all take suction from the condensate storage tank.

2.2 Emergency core cooling system and containment (Zion-like)

The Emergency Core Cooling Systems (ECCS) include passive and active systems. The
low pressure accumulator tanks, which inject into each loop through the cold legs, are
the passive system which is actuated when reactor pressure falls below a pre-set value
(42.2 E5 Pa). This system injects borated water pressurized by nitrogen . The active ECCS
components consist of two charging pumps, two safety-injection pumps and two Residual
Heat Removal (RHR) pumps for high, medium, and low-pressure injection respectively. The
normal water supply is the Refueling Water Storage Tank (RWST). In case of Loss-Of-
Coolant Accident (LOCA) sequences, the RHR pumps are aligned to the containment sump
after the RWST inventory is depleted, so that water is cycled from the sump, to the primary
coolant system and core, out the pressure boundary break, and back to the containment
sump, all of which is designated as the recirculation mode [EDCOR, 1984]. Fig. 2.8 depicts
functionally the schematic of the major systems.

The containment is of large-dry type. The volume is large (about 80000 m3) and the
design pressure is high (about 0.4 MPa absolute), such that the volume is capable of
accepting the blowdown from a design basis LOCA without any other passive feature.
Besides, the containment volume is sufficiently large that hydrogen generation from
metal/water reactions under core meltdown accidents would not result in detonable
mixtures.

The containment consists of a prestressed concrete cylinder and dome with steel liner,
on a conventionally reinforced concrete foundation slab (Figs. 2.9 and 2.10). The reactor
cavity under the RPV is smooth and is connected to the steam generator area by a large
sloped instrument tunnel. Containment penetrations are pressurized so that, under
containment pressurization below design conditions, the atmosphere leakage is towards the
containment.

The containment requires long-term heat removal, which is provided by five fan coolers
(each having 1/3 of the required total capacity) and three redundant full-capacity
containment spray trains. One spray train has diesel-driven pumps for diversity of power
supply. There are no heat exchangers on the Containment Spray System (CSS), and the
containment spray pumps do not have a water supply in the recirculation mode: for this
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reason, the containment spray must be supplied, in the recirculation mode, from the spray
mode of the RHR system .

Electric power systems employ two off-site ac power sources, redundant on-site ac
sources and batteries.
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Tab. 2.1a- Plant characteristics

REACTOR

Nominal thermal power

Nominal pressure

Main pumps thermal power

Nominal coolant flow rate

Coolant temperature:

Nominal inlet

Nominal outlet

3800 MWth

15.51 MPa

10 MWth

93200 m3/h

293 °C

328 °C

CORE

Average rate burn-up

Core average flux

Active core height

Core exchange surface

Core equivalent diameter

33000 MWd/t

58.4 W/cm2

4.267 m

6317 m2

3.37 m

FUEL

Number of fuel assemblies

Fuel rods per assembly

Fuel rod length

Fuel rod diameter

Fuel cladding thickness

Fuel assembly weight

193

264

4.382 m

9.5 mm

0.57 mm

937 kg

CONTROL RODS

Number of control rod assemblies 65

Number of absorber rods per assembly 24
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Tab. 2.1b- Plant characteristics

STEAM GENERATOR

Nominal thermal power

Number of tubes

Tubes exchange surface

Average tubes flux

Primary side temperature:

Inlet

Outlet

Secondary side:

Feedwater inlet temperature

Steam outlet temperature

Steam flow rate

PRESSURIZER

Volume

Height

External diameter

Number of heaters

Power of one heaters

Free volume of relief tank

CONTAINMENT

Volume

Design pressure

954 MWth

5342

6820 m2

14 W/cm2

328.4 °C

292.9 °C

225-235 °C

287 °C

538.9 kg/s

60.58 m3

13.43 m

2.8 m

87

24 kW

44 m3

80927 m3

0.42 MPa
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3. MAAP DESCRIPTION OF THE REFERENCE SCENARIO

This accident scenario initiating event consists in a reactor cooling main pump seals
degradation, due to lack of component cooling. The resulting leak of cooling fluid of the
primary circuit was assumed as that corresponding to a circular section open area of about
10 cm (four inches) of diameter. Moreover, it was assumed the failure of the ECCS at both
high and low pressure: charging pumps, safety-injection system and RHR system. In the
category of severe accident, this accident can be classified as initiated by a small LOCA
(Fig. 3.1).

This accident sequence of events in the reactor cooling system, according to MAAP
simulation, causes the core to uncover and overheat, and the fuel to melt, before ending with
the vessel failure, as reported in the events timing in Tab. 3.1.

As the reactor cooling pump seals are degraded, the water of the primary circuit,
initially at the nominal pressure of about 150 E5 Pa, starts to flow through, and vaporize
directly into the atmosphere of the lower compartment of the containment building.

In the pressurizer, the level of the water and the pressure fall down, and, after 21
seconds from the initiating event, the reactor SCRAM occurs, with the consequent strong
reduction of thermal power.

On SCRAM signal received, the auxiliary feedwater system is actuated. The water
level in the secondary side of the steam generator is controlled and maintained above the
tube bundle. This way, the thermal exchange with water is allowed, and the heat is removed
from the primary system.

The pressure in the primary system continues to decrease because of the loss of water
mass through the break (Figs. 3.2 and 3.3).

At 300 s after the initiating event, the reactor coolant main pumps are stopped by the
operator. The lack of forced circulation of the cooling fluid, leads to an increase of the
water temperature and to the generation of a higher amount of steam, with the tendency to
counter-balance the behaviour of the pressure decrease in the primary system (Fig. 3.2).

As the pressure in the primary system goes below the pressure of the steam generator
shell side, at the time of 600 s, the operator opens the steam generator safety/relief valves of
the secondary system to discharge steam into the atmosphere. This intervention leads to
another saturation condition in the shell side, with fall in water temperature, and another rise
in thermal exchange in favour of heat removing from the primary circuit. Figs. 3.4 to 3.6
show the trend of significant thermal-hydraulic parameters in the broken loop steam
generator. Fig. 3.7 shows the total power (four loops) transferred by the steam generator
tube bundles.

The pressure in the primary circuit continues to fall down and, at about 900 s, reaches
the charging value of the passive low-pressure accumulators system, allowing the check
valves to open with the consequent injection of cold water directly into the downcomer of
the reactor vessel (Fig. 3.3). The four accumulators become empty in about 300 s, injecting
all the stored mass of water into the reactor vessel, and leading to temporary subcooled
conditions within the core region (Fig. 3.8).

In spite of the injection into the primary system of about 95 m3 of coolant, the influence
on the accident evolution is not very strong: the level of water in the primary system
remains above the break point, so that the leakage is as liquid phase, and the loss of water
through the break corresponds to about 70% of the mass of water injected by the
accumulators (Fig. 3.9).
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At about 1300 s, the level of coolant in the primary circuit falls down to the break point
and the leakage as vapour phase begins. To this leakage, a water flow coming from the
outlet plenum of the steam generator is added: this flow is due to steam condensation onto
the tube bundle walls (Fig. 3.9). Because of the new thermal-hydraulic situation within the
steam generator (shell-side temperature lower than the saturation conditions in the primary
circuit) the steam generators act as condensers for the whole time of the accident. Figs. 3.10
and 3.11 show, respectively, the gas flow rate exiting the break and the condensation flow
rate in the steam generator of the broken loop .

The decay heat generated by the core leads the water present in the vessel to evaporate,
with consequent lowering of the level of coolant. At 8950 s, the core starts to uncover
(Fig. 3.12). The boiling of coolant decreases and the steam becomes superheated at contact
with the uncovered parts of fuel bundles: Fig. 3.13 shows the steam produced in the core,
while Fig. 3.14 shows the gas temperature in the primary system.

The temperature of uncovered core parts begins to rise (Fig. 3.15) and, at 11600 s from
the beginning of the accident, the fuel clad starts to fail where it reaches 1200 K, and the
contained fission products are progressively released (Fig. 3.16).

The flow of steam generated in the core acts as carrier of fission products throughout
the primary system and, through the rupture, out to the containment building. At the time of
12260 seconds, on high containment activity signal, the upper compartment spray (CSS)
starts, whose pump sucks water from the Refueling Water Storage Tank (RWST). The cold
water sprayed, leads to a pressure fall down of the containment atmosphere (Fig. 3.17). Due
to gravity, the water accumulates in the cavity, where the primary system coolant coming
from the break is already present. The cavity fills up and, then, the water overflows in the
lower and annular compartments. Figs. 3.18 and 3.19 show, respectively, the mass of water
in the cavity and the water level in the lower compartment.

The materials of the uncovered part of the core continue to rise in temperature, leading
to the progressive melting and, then, to the core degradation. As the materials melt, they
run downward until they reach a zone which is frozen by the coolant. The internal energies
of the molten material and still solid fuel are mixed, so that the molten material that relocates
can be frozen. This candling process is joined to a generation of steam that mixes with the
superheated gas of the primary system and tends to lower its temperature (Fig. 3.14), while
the primary system pressure slightly increases (Fig. 3.2).

In these phase of core degradation, the metal-water reaction between steam and fuel
claddings occurs, which lead to Zircaloy oxidation with heat generation and hydrogen
formation. The total amount of hydrogen produced in vessel, is about 550 kg (46% clad
reaction). Fig. 3.20 shows the rate of hydrogen produced in the core.

The molten core debris progressively accumulates onto the core support plate. There,
they are frozen by the water still present, and form a solid crust.

At 16080 s, sufficient energy has been generated from the fission product decay to
vaporize the water and reduce its level down to the core support plate elevation. The above
core debris, no longer cooled, raises in temperature to reach the eutectic melting point of
2500 K. Also the corium crust, acting heat protection towards the steel of the core support
plate, becomes again to melt and, in a very short time, the core support plate itself fails,
allowing the corium to fall down at large quantities into the lower plenum (Fig. 3.21).

Falling down into the lower plenum, the melted corium exchanges heat with the present
water, freezes and accumulates onto the bottom vessel head. Consequently, saturated steam
is produced, which mixes with the superheated gas of primary circuit, lowering the gas
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temperature (Fig. 3.14). Besides, both primary system pressure and the containment
building pressure rise (Figs. 3.2 and 3.17).

At the time of 20230 s, the amount of corium moved from the core support plate to the
lower plenum is about 50% of the total mass of core material, and the energy transferred
from corium has led to completely evaporate the water present in the lower plenum (Figs.
3.12 and 3.13). The gas temperature in the primary system increases due to the joined
presence of corium debris onto the core support plate and in the lower plenum, which no
longer cooled, rises in temperature. Fig. 3.22 shows the behaviour of debris bed
temperature in the vessel lower head.

At the same time, within the containment, at 20320 s, the stock of water of RWST
exhausts. The content of about 1.3 E6 kg has been spread in the upper compartment by
CSS, which pump stops on insufficient NPSH suction signal. In the containment building, it
follows that the pressure and temperature increase (Figs. 3.17 and 3.23). The water level in
the lower and annular compartment reaches the height of 1.3 m (Fig. 3.19).

As the mass of corium debris accumulated in the vessel lower head is about 1.5 E5 kg
(75% of the total core material), at the eutectic melting point of 2500 K, the vessel lower
head fails (26100 s) and the corium flows into the below flooded reactor cavity, where it
freezes (in this accident scenario, no credit was given to cooling of the vessel lower head by
the water of reactor cavity).

Through the rupture in the vessel lower head, the water flows into the vessel, flooding
it and cooling the debris remained in the core region (Figs. 3.12 and 3.15).

The heat exchange between the debris and water in the reactor cavity and in the core
region leads to steam generation and to a subsequent pressure and temperature increase in
the containment building (Figs. 3.17 and 3.23).

As the object of the analysis presented in this report concerns about radioactive product
transport during the in-vessel phase only, the simulation of this accident scenario was
stopped at the time of 30000 s. No further significant fission product releases are expected
if corium debris is maintained submerged, so that, the long-time accident evolution is strictly
related to the containment heat removal systems availability and their related capacity to
provide the cavity flooding.



Tab. 3.1 - Timing of the accident sequence.

Time [s]

0.

2 1 .

2 1 .

300.

600.

900.

1220.

8950.

11600.

12260.

16080.

20230.

20320.

20320.

26100.

Event

Break in the primary system

SCRAM

Auxiliary feedwater ON

Main coolant pumps manually OFF

Steam generators safety/relief valves manually opened

Accumulators discharge pressure reached

Accumulators water depleted

Core uncovered

Start of volatile fission products release

Upper containment spray ON

Core support plate failure

Vessel lower head dry

Reactor Water Storage Tank depleted

Containment spray pump OFF

Vessel failed

34



STEAM GENERATOR

PRESSUR1ZER
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4. OVERVIEW OF SEVERE ACCIDENT MAAP MODELS

4.1 Main features of the code

The Modular Accident Analysis Program (MAAP) is an integral systems analysis code
for assessing severe accidents in nuclear plants. Initially developed in the U.S.A. as part of
the Industry Degraded Core Rulemaking program, this code is now maintained and
improved by Fauske & Associates Inc. (FAI) under the responsibility of EPRI (Electric
Power Research Institute).

The MAAP code analyses severe accidents initiated by loss-of-coolant (large break or
small break) and transient (loss of AC power, etc.) events. It simulates the accident transient
in the primary system, the containment and the auxiliary building, specifically accounting for
system events which occur during the transient, including operator interventions, until a
permanently coolable state is achieved or until the containment has failed or depressurized. It
can be used for PWR and BWR.

MAAP treats the spectrum of physical phenomena that could occur during accident
sequences involving degraded cores: steam formation, core heatup, cladding oxidation,
hydrogen evolution, vessel failure, core debris-concrete interactions, ignition of combustible
gases, fluid (water and core debris) entrainment by high velocity gases, and fission product
release, transport and deposition. It treats all of the important engineered safety systems
(emergency core cooling, containment sprays, etc.).

Numerous comparisons between MAAP and separate effect tests, integral experiments
(PBF-SFD, LOFT FP-2, CORA, MARVDŒN, DEMONA, LACE, SNL SWISS and TURC
experiments), actual plant transients and accidents (TMI-2) have been performed to validate
individual models and integral results. MAAP4.00 has been used for this study [Fauske &
Ass., 1994].

4.2 Radionuclide transport models

4.2.1 Classification of chemical species

Fission products and structural materials released by the core are divided into 12
groups, and 3 physical states are accounted for in each group: vapour, suspended aerosol,
deposit (condensed vapour and deposited aerosols on walls or in water pools).

1) Noble gases (always in vapour state) and all non-radioactive aerosols (always in
suspended and deposited state) : core structural materials (Cd, In, Ag, Sn, Mn) and concrete
aerosols generated ex-vessel (water droplets are tracked separately);

2) Csl + Rbl : due to the dominance of Caesium, Csl properties are chosen;

3) TeO2 : Tellurium released in core is assumed to form TeO2 directly;

4) SrO : Strontium released in elemental form in-vessel or ex-vessel is assumed to oxidize
to SrO;

5) MoO2 : mainly released during concrete attack;

6) CsOH + RbOH : this group represents any caesium and rubidium left over after
combination with Iodine;

7) BaO : it behaves similarly to Strontium;
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8) L a ^ + Pr2O3 + Nd2O3 + Sm2O3 + Y2O3 : all sesquioxides in the lanthanide series are
grouped together due to similar chemical behaviour; they are rather non-volatile but

can be released in the vessel;

9) CeO2 : Cerium behaviour is similar to lanthanide behaviour but stoichiometry and
vapour pressure differ enough to warrant a separate group;

10) Sb : Antimony is released in-vessel and ex-vessel in elemental form;

11) Tej : Tellurium released ex-vessel may not oxidize totally;

12) UO2 + NpO2 + PuO2 : Uranium and transuranics are grouped separately from others
fission products because of their different radiological characteristics; they are only
released ex-vessel.

4.2.2 Release assessment

During the in-vessel core degradation, the release of fission products and structural
materials is governed by :

• the release rate of the different chemical species from the fuel matrix (depending on
temperature);

• the ability of the gas flow from the core to carry these materials to the upper plenum;

• the saturated vapour pressure of species.

Ex-vessel, during core-concrete interaction, the release is calculated with a chemical
equilibrium model. The gases generated by the core-concrete interaction act as a carrier for
volatile fission products.

4.2.3 Transport throughout the primary system and containment

Fission product vapours and aerosols are transported through the different control
volumes along with the steam, hydrogen and other gases.

In the containment, fission products deposited in a water pool are assumed to be
dissolved in it, and can move if this pool overflows into another region. This transport is not
credited in the primary system.

At last, any fission product that is mixed in with the core material can be transported
with it, as it exits the vessel or overflows into another compartment.

4.2.4 Transition between the three states: vapour, suspended, deposited

Within a MAAP control volume, the following mechanisms of radionuclide transport
are accounted for :

a) vapour condensation and revaporizfiiion for all volatile fission products :

onto (or from) suspended aerosols (self-nucleation is also accounted for): they are
supposed to be instantaneous;

onto (or from) walls: they are slowed down by a diffusion coefficient.

b) deposition of suspended aerosols due to :

gravitational settling (in all control volumes);
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thermophoresis (in all control volumes);

diffusiophoresis (in the containment only);

inertial impaction (in the containment only);

spray entrainment (in the containment only).

MAAP never accounts for the size distribution of airborne particles. The total removal
rate A/pOT (mass fraction deposited per time unit) is calculated by combining the removal
rate for each phenomenon : ^SED (gravitational settling), Xjĵ p (inertial impaction), XJH
(thermophoresis), XDIFF (diffusiophoresis), X.$PR (spray).

T̂H> -̂DIFF' anc* -̂SPR a r e assumed to be independent of the particle characteristics (size
distribution and concentration); they are added to obtain a "leakage" term : XLK (See 7.5 for
more details about models).

^SED anc* -̂IMP a r e calculated as functions of the total suspended mass in the
compartment M. The correlations used ^SED(M) and ^JMP(M) have been established by
solving the integro-differential Smoluchowski equation (governing the particle size
distribution function) for aerosols coagulating by Brownian motion and sedimentation, and
depositing by gravitational settling only, or by inertial impaction only, in 2 limiting cases:

- decaying aerosols (no source);

- steady-state aerosols (deposition in equilibrium with source generation).

In fact, in these 2 cases, the solution of the Smoluchowski equation can be made
universal (independent of the aerosol particle characteristics and control volume geometry)
by introducing suitable scale factors.

To calculate XJQT
 m e a c n limiting case, ^SED > -̂IMP anc* ^LK a r e compared: only the

two dominant processes are accounted for, and the suitable combination law is used:

•̂TOT =^TOT (̂ -SED' ^-LK) : f° r gravitational settling + leak;

or: ^TOT =^TOT (^IMP' ^LK) : f° r inertial impaction + leak;

or: -̂TOT =^TOT (̂ SED> -̂IMp) : f° r gravitational settling + inertial impaction.

During transition period between decay and steady state, X.yoT 'S calculated by
interpolation between ^TOT (decay) and ^xOT (steady state).

c) growth of water soluble aerosols :

The steam can condensate on hygroscopic nuclei (Csl, CsOH) in sub-saturated
conditions. Particle growth is assumed to occur so rapidly compared with other phenomena
(coagulation, deposition) that the equilibrium size is attained by each particle : monodisperse
aerosol behaviour is assumed. The total removal rate of these wet aerosols, directly
dependent on their size, is accounted for only if it exceeds the removal rate of the dry
aerosols (calculated in b)).

d) pool scrubbing of aerosols and vapours :

In a PWR, poo! scrubbing is accounted for only when there is a steam generator tube
rupture, or when water covers the corium-concrete debris bed in the reactor building.
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4.3 Nodalization of the reactor coolant system

Nodalization of the PWR primary system gas space is illustrated in Fig. 4.1. Unbroken
loops are lumped together, and the broken loop is treated separately. In this study, the
pressurizer was assumed to be on the broken loop.

As it can be seen, the vessel contains 4 nodes: the core, the upper plenum, the reactor
dome and the downcomer. The broken (as the unbroken) loop contains 5 nodes: the hot leg,
the steam generator hot leg tubes, the steam generator cold leg tubes, the intermediate leg
and the cold leg.

Several different structures, with different properties (sedimentation area, temperature,
etc.) can be taken into account in each node for deposition phenomena.
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5. OVERVIEW OF ECART MODELS FOR RADIONUCLIDE TRANSPORT

5.1 Main features of the code

The evaluation of radionuclide transport within a nuclear plant and then to the external
environment after an accident involving a severe damage of fuel rods requires an appropriate
evaluation of the thermal-hydraulic conditions influencing both the chemical equilibria
among the involved species and the radionuclide retention phenomena. Also, the path
followed by the radioactive stream before being released to the environment through the
potential containment leakage must be carefully simulated in relation to the aerosol removal
mechanisms which may occur in the presence of structures and considering radionuclide
scrubbing favoured by steam condensation and bubbling through liquid sumps.

To manage so complex analyses in agreement with regulatory body indications, ENEL
promoted the development of a computer code, called ECART (Enel Code for Analysis of
Radionuclide Transport) [Fontana et al., 1991]. This tool is based on a mechanistic
approach to vapour and aerosol phenomenology and is aimed at unifying reactor coolant and
containment system analysis, representing the current state-of-the-art of LWR severe
accident aerosol codes. New aerosol transport models, like physical resuspension and
transport under two-phase flow within reactor coolant system, are included.

ECART mainly consists of three phenomenological sections coupled under a unique
code header: one section for thermal-hydraulics, one for vapour and aerosols, and one for
chemical reactions. With reference to a steam-water-non condensable gas mixture, the
thermal-hydraulic section provides temperatures, pressures and flows to the other two
sections of the code and is affected, in its turn, by the presence of vapours and aerosols
(decay heat sources, fluid-aerosol mixture properties). The vapour and aerosol section
predicts the radionuclide transport phenomena and is mainly based on the knowledge
acquired through the participation in ATT-Marviken, LACE, and DEMONA experimental
programs and the improvement of STCP codes. The chemistry section calculates the
composition of transported species, assuming the chemical equilibrium and considering a
catalog of more than a hundred of chemical species which could be formed with the most
significant elements released from the core.

The code has been developed with the support of Synthesis, Themas, University of Pisa,
and Politecnico of Milano. As mentioned in the introduction of the present work, through
an ad-hoc agreement signed in 1993 between EDF-SEPTEN and ENEL on joint research
actions on LWR severe accident studies, EDF started a significant financial and technical
contribution to the development and validation of ECART, involving its Research and
Development Division at Chatou and CNRS.

The validation of the aerosol-vapour section of ECART is a first target of the part of
the EDF-ENEL Agreement for the studies related to the radionuclide transport, whose
actions are partially funded also by the European Commission as a part of the RCA Source
Term Project, in particular through the Tasks on Aerosol Physical Resuspension (managed
by ENEL, with supports from AEA and JRC-Ispra), Aerosol/Vapour Transport (managed
by ENEL, with supports from CEA), Aerosol Diffusiophoresis (managed by CEA, with
supports from ENEL), Multicomponent Effects (managed by DŒ-Universitàt Stuttgart,
with supports from ENEL, AEA and NNC).
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5.2 Radionuclide transport models

The vapour and aerosol section of ECART is mainly based on the validation and
development work made out for TRAP-MELT2/ENEL [Parozzi and Masnaghetti, 1990],
and the knowledge acquired through ATT-Marviken, LACE, and DEMONA experimental
programs [Parozzi et al, 1988; Parozzi, 1988; Parozzi and Valisi, 1988].

Condensation and evaporation of chemical species are taken into account using a
diffusion model which does not require any feedback to thermal-hydraulics. Conversely,
each control volume can model the formation of a water sump caused by steam
condensation (simulating a BWR suppression pool, TMI-like scenarios or other pools of
advanced LWRs), and steam-water phase changes can be either calculated by the thermal-
hydraulic section of the code itself or assigned as input data.

Irreversible reaction of iodine, caesium hydroxide and tellurium vapours onto internal
surfaces can be modelled by adopting a deposition rate approach based on experimental
observations.

As in most nuclear aerosol codes, ECART model is based on a discretized particle size
distribution. The code, optionally, adopts a simplified multicomponent description able to
record the fractions of the different species in each size bin.

Agglomeration of suspended particles is based on the three classic mechanisms [Jordan
andKuhlman, 1985]:

• Brownian (Smoluchowski);
• Gravitational (collision between particles having different settling velocities);
• Turbulent, shear and inertial (Saffman and Turner).

Particle growth due to bulk vapour/steam condensation is modelled taking into account
the Kelvin effect (the condensation of steam is inhibited for particles having radii smaller
than a critical radius), while particle deposition and resuspension onto and from surfaces is
computed as the sum of several phenomena [Parozzi, 1992]:

• inertial impaction from turbulent flow (Liu-Agarwal);
• diffusion from turbulent flow (Davies);
• diffusion from laminar flow (Gormley-Kennedy);
• thermophoresis (Brock-Talbot);
• gravitational settling (stokesian and non-stokesian);
• centrifugation in curved pathways (stokesian and non-stokesian);
• trapping in bends from centrifugation (impactor effect);
• diffusiophoresis (Schmitt-Waldmann);
• dry physical resuspension (force-balance correlation).

Bubble formation, growth, asphericity, break-up and rise velocity are calculated on the
basis of experimental data, while particle scrubbing is modelled accounting for:

• steam condensation (diffusiophoresis);
• inward steam flux;
• gravitational settling;
• centrifugal deposition;
• difrusional deposition.

The aerosol section architecture, having ad-hoc computation criteria, and the use of
ordinary differential equation solvers with implicit integration methods, prevent from
numerical instabilities and lead to computer time consumption quite lower than those
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required by analogous tools (e.g. TRAP-MELT, VICTORIA, etc.) for similar input
conditions.

The vapour and aerosol section of ECART has demonstrated consistency with the
results given by STCP codes developed for US NRC (and the related experimental data they
are based on).

I NEXT
left BLANK



6. MAAP-LIKE SIMULATION WITH ECART

6.1 Need to have a comparable base case

From what explained in the previous chapters, the difference between the two code
architectures appears to be evident . MAAP was designed to perform calculations on a few
types, and well defined, nuclear power plants, whilst ECART is a general purpose tool.

As most of the MAAP assumptions are not able to be modified by the user, the simplest
solution to make a comparison about aerosol models was to take advantage from the higher
flexibility of ECART code. As a matter of fact, the primary circuit control volumes imposed
by MAAP nodalization, the MAAP outputs regarding thermal-hydraulics and fission product
releases were used to set up the ECART input.

In addition, a comparable "base case" was arranged to evaluate possible discrepancies in
the analysis of the results due to models specific to ECART, like the multicomponent
feature, the aerosol resuspension, a more detailed plant nodalization, water sump addition,
and other optional flags.

A description of the main criteria used to elaborate the MAAP input and output data, to
set up the ECART input base deck, is reported in the following paragraphs.

6.2 Release of radioactive materials from core

Because of different physico-chemical properties of core materials, a shifting in the
release of fission products normally occurs in severe accidents. In the considered accident
scenario, the volatile species were completely released from fuel rods during the initial phase
of core melting. Whereas, the non-volatile species continued to be released not only within
the core region, but also from the corium accumulated in the vessel lower plenum (the vessel
lower plenum dried, the corium reheated sufficiently to restart the material release, as cited
in Chapter 3). Unfortunately, there were not enough MAAP output data to describe with
good approximation that part of lower plenum release to allow the reproduction with
ECART. Therefore, giving priority to maintain the congruence between the two codes, it
was found convenient to stop the analyses before the vessel was dried: this choice permitted,
anyway, to compare the simulations on the major phenomena of radionuclide transport to
the containment.

As a matter of fact, the decay heat generated from fuel leads, along the accident, to
vaporize the coolant within the reactor vessel. The steam generation from the lower
plenum, and then the flow through the primary system, stops as the vessel dries (20230 s)
(see also Fig. 3.10). According to MAAP simulation of the reference scenario, the retention
and transport mechanisms affecting both volatile and non-volatile fission products can be
considered practically finished at the time of 20000 s (volatile species have been already
released and their evolution within the circuit completed, while there is no more carrier gas
for the low-volatile species transport towards the containment).

The beginning of material releases from core was taken as the starting point of analyses:
the time range to perform the ECART calculations, then, turned out to be 11000-20000 s.

The values of material releases from core were withdrawn from MAAP output. As
previously described, MAAP divides the transported chemical species into 12 groups (see
Par. 4.2.1). Because of similar physico-chemical properties, it was possible to reduce these
groups to only 5 representative species to be tracked with ECART:
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Csl, that includes both Csl and Rbl (MAAP group 2),

• CsOH, that includes both CsOH and RbOH (MAAP group 6);

. TeO2 (MAAP group 3);

• inert aerosols, that include non-volatile fission products SrO, MoO2, BaO,
Pr2O3, Nd2O3, Sm2O3, Y2O3, CeO2, Sb (MAAP groups 4, 5, 7, 8, 9 and 10);

• inert aerosols, that include structural materials Ag, I, Cd, Sn and Mn (MAAP group 1).

Some species, as Te2 (MAAP group 11), UO2, NpO2 and PuO2 (MAAP group 12), are
assumed by MAAP code to be released only during the ex-vessel phase, so they were not
taken into account in the present analyses.

For the mass release rate (kg/s) of each MAAP group, average values and not
instantaneous ones were printed and used as input in ECART. In this way the total mass
released by the core (kg) versus time is the same in both codes.

As can be observed in Figs. 6.1 to 6.5, the volatile species (Csl, CsOH and TeO2) were
released at the beginning of the fuel melting, while the release of the other non-volatile
species took place along the whole core degradation.

In spite of the relatively low importance, on a radiological point of view, of these inert
aerosols (Ag, I, Cd, Sn and Mn), it is necessary to take them into account in ECART
calculations. Their very large amount, in fact, strongly affects fission product
agglomeration, transport and deposition within the primary system: as reported in Tab. 6.1,
structural materials represent 90% of the total material released from the core until the
reactor vessel dries.

6.3 Nodalization of the reactor coolant system

The nodalization used in MAAP for the reactor coolant system was adopted in ECART
in order to use thermal-hydraulic results of MAAP as input to ECART and to get reasonable
comparisons between the results of both codes.

Focusing on the object of these analyses, only the broken loop was taken into account
as interested by the main flow path of the materials released from the core and transported to
the containment (see also Par. 3). Although other plant components were interested by the
radionuclide release, the study of the selected part of plant was judged sufficient to provide
data to well investigate the phenomena of interest.

Consistently with the MAAP nodalization (see Fig. 4.1), the selected part was divided
into nine ECART control volumes (Fig. 6.6). The core volume was used only as source
volume and no details in geometry were provided. Five volumes represented the reactor
coolant system interested by the main radionuclides flow path (upper plenum, hot leg, steam
generator inlet and outlet tubes, and intermediate leg), other two volumes were employed as
dummy volumes (unbroken loop and pressurizer), while the last volume was used as a
discharge (containment).

In order to maintain, as close as possible, the similitude between both codes, the same
geometric data were used to describe the plant components (volume, cross flow area, total
surface available for deposition, floor area, hydraulic diameter) : the values used by MAAP
were printed in the output files, then introduced into ECART.
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According to the ECART capability to describe different structures and flow sub-
regions within the same control volume, the vessel upper plenum was modelled with three
structures: the upper part of the core barrel, the upper plenum internals (control rod guide
tubes and support columns), and the upper support plate (Fig. 2.4). In this component, the
settling surface was represented by the upper core plate.

The control volume associated to the hot leg is composed of the whole piping
connecting the reactor vessel to the steam generator inlet tubes (Fig. 2.2) : therefore it
includes the steam generator inlet plenum. The surge line, connected to the pressurizer, was
assumed to belong to the broken loop, as assumed in the MAAP input base deck.

The primary side of the steam generator was splitted as: the upward part of the tube
bundle, and the downward part of the tube bundle (Fig. 2.7). The upper part of the tube
bundle is constituted by curved pipes, but they were actually modelled as straight pipes in
order to maintain similitude with the MAAP code (base case).

Because of the break position in the cold leg (reactor coolant pump seals), the steam
generator outlet plenum and the pipe connecting it to the reactor coolant pump suction part
were the last primary circuit components concerned by the main flow path of fission
products. That part was modelled to perform ECART calculations with the name of
intermediate leg.

Two additional volumes were required to take into account the quantity of materials
leaving the main flow path to deposit in other regions of the primary system. In fact, MAAP
prediction showed a significant deposition in the unbroken loop components and some
deposition in the pressurizer as consequence of the gas flow towards these two regions. As
an example, Fig. 6.7 shows the consistency of the gas flow towards the unbroken loop
compared to the main one towards the broken loop. As agglomeration and deposition
phenomena of fission products within this two dummy volumes were not object of these
analyses, fictitious geometric data of their volumes were used and only the conservation of
the masses discharged into them was accounted for.

The containment building is modelled by MAAP as divided in 4 volumes (upper
compartment, annular compartment, lower compartment and cavity), and several junctions
connect these regions [Fauske & Ass., 1994]. Having to evaluate the overall releases to the
containment, without accounting the phenomena subsequently occurring, ECART run CPU
time was saved considering the containment as a unique discharge volume, with no
geometric details or internal connections.

6.4 Thermal-hydraulic input and assumptions

As for the fission product release, all data used to make the thermal-hydraulic input of
ECART were taken from the MAAP output. The gas flow rates among volumes, acting as
carrier fluid for fission products throughout the primary system, are the main thermal-
hydraulic data required for ECART running. As previously discussed, only the main flows
into the broken loop were taken into account, while minor flows towards the vessel dome,
the cold leg and the downcomer were considered negligible for these analyses. Figs. 6.8 to
6.13 show the mass flow rates among the primary system components as calculated by the
MAAP code.

No credit was given by MAAP for pressure drop in the circuit [Fauske & Ass., 1994]:
so that, the same pressure value was assumed for all the primary system volumes also in
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ECART (Fig. 6.14). As regards the containment, the pressure of the lower compartment,
where the break discharges, was taken as input (Fig 6.15).

In each ECART volume, the gas and wall temperatures are needed to properly calculate
the material deposition and vaporization phenomena. These data are shown, as calculated
by MAAP, in Figs 6.16 to 6.22. The wall temperatures represent the surfaces of the heat
sinks modelled by MAAP in each volume. Congruently with the nodalization, the upper
plenum volume presents three surfaces with related different temperatures. As no deposition
phenomena were investigated in these analyses, the containment wall temperature was only
indicatively the simple average of the four compartments.

Although credit is given by MAAP to the presence of water in the primary circuit
components and its overflowing towards downstream volumes, this code assumes as
negligible the quantity of deposited fission products carried among the volumes by that way
[Fauske & Ass., 1994]. In this accident sequence the steam generator acts as a condenser
and the steam produced within the vessel condenses in the downward part of the tube
bundle. The water produced accumulates in the steam generator outlet plenum, overflows in
the intermediate leg and reaches the containment through the break (see Chap. 3). In order
to maintain similitude between two codes, neither water sumps nor water flow between
these volumes were modelled in the actual ECART input, then it excludes the radionuclide
transport by water. Only the mass flow rate of condensed steam onto the walls of the steam
generator inlet and outlet tubes was provided in the ECART input in order to quantify the
fission product deposition due to the difïùsiophoresis (Fig. 3.11).

The amount of hydrogen present in each volume during the accident was provided to
the ECART input to properly calculate the carrier gas properties (Figs. 6.23 to 6.29).

6.5 Radionuclide transport input and assumptions

The chemical species treated as fission products by MAAP slightly differ from those
considered in the version of ECART code used for the present analyses [Fauske & Ass.,
1994; Fontana et al., 1991]. Therefore, some pre-arrangements were made in the ECART
chemical catalog to match the same species of radionuclides treated by MAAP. Moreover,
in order to have a congruence between codes, some choices were made through ECART
input flags to enable, or not, the modellization of some phenomena.

6.5.1 Properties of transported species

The tellurium element was assumed in MAAP to be released during the in-vessel phase
as oxidized form only (TeO2). The standard chemical catalog of the ECART version here
employed O accounts the tellurium as diatomic molecule: therefore, some Fortran routines
were modified in ECART to properly model the TeO2 species. Physical properties, as molar
weight, melting point and density, were updated in the routine CHEMCAT. Moreover, to
properly model the phase transition phenomena of TeO2, the parameters required to
calculate its vapour pressure were modified in routine VAPCON to match the correlation
used in MAAP [Fauske & Ass., 1994].

(*) The intermediate version of ECART here used included a limited catalog of chemical species, modelled as
chemically stable compounds. A wider catalog, with more than one hundred compounds chemically
readable, is available in the finaJ architecture of the code.
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This modification implied that the TeO2 saturation pressure that is computed in MAAP
as:

p = 133 3-10 [-1394°/r*23-51-3-52io«i°(r)]

was computed in ECART using the correlation of Nesmeyanov [Zemansky, 1968]:

top = 59.026-32098. / r -4 .99-10" 1 7 • T- 3.52 In T

being p the saturation pressure of TeO2 in Pa and T the temperature in K.

Over the considered range of application, it gives very similar values (Fig. 6.30).

The six groups of non-volatile fission products defined in MAAP were grouped in a
single species (named FP) in ECART, with average characteristics. A representative value
of density was assigned in the CHEMCAT routine, on the basis of a weighted average of the
total amount of material released from the core (6.29 g/cm3).

Another approximation was made about the structural material modelling. The MAAP
code models the release of structural materials in the dominant form of oxides and/or
hydroxides as function of the amount of steam and hydrogen present in the core region
during the release. Unfortunately, the inventory of species really assumed to be generated
are not available as output data, and a simplification was made talcing into account only the
elemental form of the inert aerosols. As structural materials were almost completely
released during the accident, an average weighting on their initial inventory was made to
determine the density for the routine CHEMCAT (7.52 g/cm3). Although this assumption
led to slightly overestimate the values of density of the actual mixture of structural materials
oxides and hydroxides, this choice was judged to be of weak impact on these analyses.

6.5.2 Selection of transport models

As regards the selection of radionuclide transport mechanisms, as previously mentioned,
a well defined set-up of ECART options was applied to match the two codes. Some input
flags, in fact, allow the user to enable or disable the computation of particular phenomena
during ECART simulation, as explained in the following.

In severe accident studies, credit to chemisorption onto the metallic surfaces is given to
some volatile species (e.g. I2, HI, CsOH, Te^. The version of ECART here used can
account I2, CsOH and Te2 vapour sorption onto steel surfaces using Sandia Lab. data
corrected in the light of Marviken experimental tests [Parozzi and Masnaghetti, 1990]. This
phenomenon can have significant influence on tellurium retention in its elemental form.

However, as MAAP gives no credit for this way of material trapping within the plant
components, in the present analyses the related flag in the ECART input was properly
switched off to inhibit the chemisorption.

No credit is given by MAAP to agglomeration, condensation and deposition of fission
products within the core control volume because of the high temperatures reached, until the
most of corium debris remains in the core region [Fauske & Ass., 1994]. According to
MAAP, in order to inhibit the computation for the phenomena in object during ECART
execution, the related flags were properly switched off. This simplification can be accepted
because those phenomena are re-activated in MAAP when negligible releases occur from the
core.

According to Par. 6.3, an analogous switch off was made for the three discharge
volumes (unbroken loop, pressurizer and containment).
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The capability of ECART to model the transport of fission products deposited in water
sumps by overflowing towards downstream volumes, was not utilized (see Par. 6.4). In any
case, the phenomena that led to form water in the primary circuit components (steam
condensation) was reproduced in ECART and the aerosol diffiisiophoresis was predicted
(while this removal mechanism is accounted in MAAP only within the containment).

Because of lack of geometric details of the primary system components, not included in
the MAAP input base deck, it was not possible to model piping bends, where deposition of
aerosol particles due to centrifugal forces is usually expected (e.g. steam generator "U"
pipes). MAAP does not consider this deposition mechanisms, while the proper feature of
ECART remained unused in the base case.

6.6 Initial aerosol physical characteristics

As it is known, the choice of the aerosol physical characteristic data represents one of
the most critical points in the transport analysis through the primary system, and the lack of
experimental quantification of the initial characteristics of the aerosol generated by the core
degradation imposes a severe limitation on the modelling, particularly in the absence of a
particle nucleation model.

Modelling homogeneous aerosol nucleation, as is done in the RAFT computer code,
[Im et al., 1987] could partly solve this problem of the determination of the particle size.
However, in reactor scenarios, the significant radiation field will give rise to electrostatic
charge, ' resulting in ion nucleation of aerosols. This nucleation mechanism due to
radioactivity is well known and is the basis of the Wilson cloud chamber. These phenomena
have not been included in any of the current computer codes which model aerosol nucleation
and the resulting uncertainties have not been quantified yet [Butland et al., 1986].

In ECART modellization, it is necessary to select initial particle sizes for those materials
forming the aerosols: these initial sizes act as seeds for all the subsequent evolution of the
particles (in particular, for the growth due to agglomeration and condensation). However, it
was shown that, when significant agglomeration occurs, the initial aerosol size has a
negligible effect on subsequent aerosol behaviour after agglomeration has proceeded for a
very short time [Lipinski et al. ,1985]. Nevertheless, initial particle sizes were chosen to
correspond the best available information. Numerous reviews of experimental mean aerosol
sizes from vaporizing and condensing fuel ranged between slightly below 0.01 um to about
0.1 um, with the most likely size being about 0.05 um [Gieseke et al., 1983].

Obviously, there are no measurement of the initial sizes under reactor severe accident
conditions. Empirical values at the recondensation of evaporated material confirmed these
values as reasonable [Carlson, 1984].

Consequently, a geometric mean radius of 0.05 um and a geometric standard deviation
of 1.7 for the initial particle distribution, as used in traditional US NRC and UKAEA
analyses carried out with TRAP-MELT code [Gieseke et al.,1983; Butland et al, 1986],
were assumed as convenient starting data for the base case set up. In the ECART runs, this
distribution was discretized by dividing the explored size range (0.013 - 872 um) into 20
size classes.

Also the aerodynamic shape factor and the collision shape factor are parameters used by
ECART aerosol modellization: the values, respectively, of 1.0 and 2.5, were chosen in
analogy with MAAP standard input data base.
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A pre-analysis was necessary to verify that the initial aerosol characteristics provided to
ECART have reasonable consistency with the assumptions fixed in MAAP. This pre-
analysis consisted in checking the removal rate of aerosols in the upper plenum, which is the
first volume encountered by the particles released from the core.

In the MAAP code, the aerosol and vapour deposition do not occur within the core
region, and the same condition was reproduced setting proper flags in the ECART input.
Attention was given at the structural material group, because of the large amount released
from the core (Tab. 6.1), and because of their major influence on the fission product
agglomeration, transport and deposition phenomena.

Unfortunately, a relevant difference between the results of the two computer codes was
experienced. Fig. 6.31 shows the amount of structural materials deposited onto the upper
plenum surfaces, as computed by both codes versus time.

In order to make a tuning with MAAP, a sensitivity analysis on the initial particle size
was made with ECART in the range of geometric mean radius values between 0.001 and
0.5 urn, always maintaining a geometric standard deviation of 1.7. The results show that in
the upper plenum the thermophoresis is the dominant removal mechanism, and, up 0.1 urn,
the amount of deposited materials remains almost the same and far from MAAP predictions.

As currently admitted, the thermophoresis mainly acts on small particles, and, up to
radii of 0.1 um, is almost independent on particle size. Then, as the particle radius exceeds
0.1 pm, this phenomenon slightly began to decrease [Parozzi and Masnaghetti, 1990].

Moreover, with particle size between 0.1 and 0.35 jim, although the thermophoresis
remains the dominant removal mechanism within the upper plenum, its influence decreases
and the deposition is reduced, despite the gravitational settling phenomenon (Tab. 6.2).

In the light of these results, the sensitivity analyses on the particle size were not
sufficient to make a tuning between the two codes, and the deposition mechanisms, for the
upper plenum conditions, were reproduced in different ways. Again, Fig. 6.31 shows that
the difference between MAAP and ECART results was generated before 13300 s, while the
behaviours are equivalent both in shape and in increment after this time.

Finally, as the choice of the initial particle size by these analyses was not really
applicable, the above mentioned geometric mean radius of 0.05 urn, experimentally deduced,
was assumed to perform the calculations illustrated in the following.
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Tab. 6.1 - Total mass of materials released from the core at 20000 s (vessel dry), as
provided to the ECART code.

Species

Csl

CsOH

TeO2

non-volatile fission products

structural materials

Tota l

Mass [kg]

29.74

195.6

38.63

182.1

4320.

4766.

[%]

0.6

4.1

0.8

3.8

90.7

100.

Tab. 6.2 - Mass of structural materials deposited in the upper plenum, and removal
mechanism partition at 13500 s, as calculated by ECART code.

Initial geometric
mean radius

[//m]

0.001

0.05

0.1

0.35

Deposited
mass

[kg]

47.

49.

47.

32.

Removal mechanism [%]

thermophor.

99.4

99.5

99.5

97.1

grav. settling

0.5

0.4

0.5

2.9

Deviation from
MAAP O

[%]

- 68.

- 67.

- 68.

- 78.

(*) Deviation from MAAP calculated as: ((ECART-MAAP)/MAAP)-100. Deposited mass calculated by
MAAP, not affected by aerosol size: 148 kg.
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Fig. 6.28 - Mass fraction of hydrogen in the intermediate leg, as predicted by MAAP.
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7. RESULTS OF THE COMPARISON BETWEEN MAAP AND ECART

7.1 Main features

Several runs of both codes were needed to set up the final reference base deck for the
comparison. As already pointed out in the previous chapters, these runs were addressed to
define the suitable ECART plant nodalization, and the related thermal-hydraulic
assumptions.

Some ECART cases were employed to make a sensitivity analysis on the importance of
initial aerosol physical characteristics. Finally, after having fixed the reference ECART
input, the further runs were devoted to the study the impact of the ECART advanced
models. Tab. 7.1 reports the major cases performed.

To perform the comparison on results given by MAAP and ECART, that is presented
and analysed in this chapter, the base case was selected (case n. 28 in Tab. 7.1). This case
reflects, as close as possible, the MAAP assumptions concerning both the plant nodalization
and the mechanisms acting on aerosol deposition.

The impact of ECART advanced models regarding the aerosol multicomponent
description, the aerosol resuspension and the possibility to better nodalize the circuit (runs n.
17, 20 and 24) is studied in the next chapter.

7.2 Fission product and structural material sources

As it was pointed out in Chapter 6, the mass flow rates of fission products released by
the core have been calculated by MAAP, and then given as input data to ECART. To check
that both codes used exactly the same sources, the flow rates used by ECART were
integrated: the ECART total released masses were obtained and compared to the MAAP
total masses (Fig. 7.1). It appeared that the agreement between both codes was very good.

7.3 Radionuclide transport throughout the pipework

The analysis was divided in 3 parts:

- mass balance at the end of the simulation;

- influence of each phenomenon on the mass deposited at the end of the simulation;

- time-dependent deposition per species and per volume.

7.3.1 Mass balance at the end of the simulation

Tabs. 7.2 to 7.6 present the mass balance at 20000 s for each species, calculated by
MAAP and ECART: the mass deposited in the upper plenum and in the components of the
broken loop, mass retained in the unbroken loops, mass released into the containment,
expressed as source fractions.

The behaviour of Csl, CsOH, TeO2, is almost the same. For these three volatile fission
products, the mass released into the containment is lower in MAAP : 57 % of the source,
than in ECART : 68 % of the source. This discrepancy is due to the retention into the steam
generator tubes of the broken loop. In fact, in both codes most of the deposits occur in this

109



component because of its large wall area (about 6000 m2); but the deposited mass is higher
in MAAP than in ECART, by 8 % (of source) in the inlet tubes and by 4 % in the outlet
ones.

Compared to the volatile fission products, the structural materials are a little more
retained in the primary circuit in both codes. However, the discrepancy between the MAAP
and ECART masses released into the containment is the same (the MAAP value : 47 %, is
lower than the ECART one : 59 %). Locally the discrepancies observed between both code
deposits are very slightly different. They are a bit higher in the upper plenum, with a
discrepancy equal to 2.6 % (of source) instead of 0.4 %, a bit lower in the steam generator
inlet tubes, with a discrepancy equal to 5 % (of source) instead of 8 %.

For the non-volatile fission products, the MAAP-ECART comparison yields results
very different from those obtained for the other groups. In fact the total mass released into
the containment is clearly higher in MAAP (54 %), than in ECART (36 %). Two reasons
explain this discrepancy :

- the MAAP deposits are lower in the steam generator inlet tubes of the broken loop
(-13.6% of source);

- the MAAP retention is lower in the unbroken loops (-6.9 % of source).

These two underestimates have very different causes. In the unbroken loop, in
particular, the underestimation exists whatever the species may be. It is only less perceptible
for the volatile fission products and the structural materials. ECART input did not take into
account any phenomenon in this volume, but considered it like a discharge volume : the mass
retained in it, at 20000 s, is equal to the mass that has entered in it, and therefore depends
only on the flow between upper plenum and unbroken loops, and on the concentration of
suspended particles or molecules (i.e. in the vapour state) in the upper plenum.

Investigations have shown that the suspended concentrations of the non-volatile fission
products were almost similar in MAAP and ECART (see Fig 7.4). Therefore, the parameter
that creates discrepancies between the two codes about aerosol mass injected into the
unbroken loops is the gas flow rate coming from the upper plenum. This flow rate, in
MAAP, varies very quickly after 16000 s (see Fig 7.3), with several spikes that are probably
not be accurately enough accounted for in ECART. This problem affects the non-volatile
fission products more sharply than the other species because they are released later (Fig 7.1),
at a significant rate after 16000 s.

In the steam generator tubes, the discrepancy between MAAP and ECART comes from
a different modelling of deposition phenomena, that is analysed in the next section.

7.3.2 Influence of each phenomenon on the mass deposited at the end of the simulation

To know which deposition phenomenon predominates for each species, the fraction of
total deposits at 20000 s related to each phenomenon has been determined with both codes
inside four typical primary system components: the reactor vessel upper plenum, the hot leg,
the inlet side and the outlet side of the steam generator tube bundle.

The upper plenum and the hot leg volumes were selected because of the high gas
temperature; moreover the former is characterized by a low flow velocity, while the latter by
a high flow velocity. The steam generator tubes, on the other hand, were chosen because
they have a lower gas temperature, a very large deposition surface, and because steam
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condensation occured onto the walls. Such characteristic conditions, different for each
component, allows to isolate single deposition mechanisms.

In ECART, the influence of each mechanism is automatically printed in the output file.
In MAAP, a few lines were added to the program in order to write on the classical output
files (plot files) the mass flow rate (in kg/s) due to each deposition phenomenon, per species
and per volume, as a function of time. Then, these mass flow rates were integrated (average
values and not instantaneous ones were used to avoid any problem) to obtain deposited
masses related to each phenomenon.

In the upper plenum the predominant phenomena are predicted to be the same by both
codes (Tab. 7.7) :

- the deposition of volatile fission products is mostly caused by vapour condensation onto
the walls (the retention of airborne particles, quite small, is due to thermophoresis);

- the deposition of the other species, suspended as solid aerosol particles, is mainly due to
thermophoresis.

- for the non-volatile species, the gravitational settling slightly appears in MAAP, and does
not in ECART.

In the hot leg, significant discrepancies about the importance of removal mechanisms
appear between the two codes (Tab 7.8) :

- Csl and CsOH do not settle in both simulations;

- TeO2 deposition is mainly due to condensation for both codes: totally in ECART, and
with significant participation of thermophoresis and gravitational settling in MAAP;

- ECART and MAAP disagree on the predominant deposition mechanism of the non-
volatile species and structural materials : gravitational settling in MAAP, thermophoresis
in ECART.

In the steam generator inlet tubes, (Tab 7.9), thermophoresis predominates in both
codes for all the species, except in MAAP for the structural materials and in ECART for the
non-volatile fission products. Diffusiophoresis always plays a significant part in ECART
(more than 20 % of deposits) and predominates for the non-volatile fission products, while
this phenomenon is not taken into account by the MAAP primary circuit model.
Gravitational settling is very significant in MAAP (more than 40 % of deposits) and
predominates for the structural materials, while it is negligible in ECART (less than 2 %).

In the steam generator outlet tubes, relatively good agreement is obtained, with the
exception of the diffusiophoresis ignored by MAAP (Tab 7.10):

- for the volatile fission products and for the structural materials, gravitational settling
predominates in both codes. Diffusiophoresis plays a significant part in ECART (more
than 15 % of deposits).

- for the non-volatile fission products, diffusiophoresis is the major deposition mechanism
in ECART, whereas gravitational settling causes more than 90% of deposits in MAAP.

In conclusion, this analysis showed that predominant phenomena are often the same in
MAAP and ECART, although gravitational settling is always more important in MAAP than
in ECART, whatever the volume or the species may be.

The diffusiophoresis is not taken into account in MAAP (in spite of what is written in
MAAP4 documentation): this mechanism is strongly predominant in ECART for the non-
volatile fission product deposition in the steam generator inlet and outlet tubes. This fact
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can explain the big discrepancy that has been pointed out above for these species in the inlet
tubes between MAAP and ECART (see par. 7.3.1 and Tab. 7.5): deposits two times lower
in MAAP than in ECART (16 % of source mass compared to 29 %). In the outlet tubes,
steam condensation was much lower and occured later than in the inlet ones (Fig. 3.11).
That is probably the reason why no discrepancy appeared between the MAAP and ECART
deposits (Tab 7.5) in these outlet tubes : a strong gravitational settling may here compensate
in MAAP the lack of dififusiophoresis.

7.3.3 Time-dependent deposition in the upper plenum

To go deeper into the analysis of the differences between MAAP and ECART results,
the suspended masses and the retained masses have been compared as a function of time, for
each species, in the same four components as before.

To make the analysis easier, the source mass flow rate (average values of MAAP core
releases used as input in ECART) were plotted versus time (Fig 7.2). The thermal-hydraulic
conditions (temperatures and gas flow rates) were reported again (Fig. 7.3).

The suspended masses in the upper plenum turned out to be very similar in MAAP and
in ECART (Fig. 7.4). It can be observed that the shape of each curve is not very different
from the source curve shape of Fig 7.2: spikes at the same times, except for the non-volatile
fission products; in this last case, the suspended mass strongly decreases at 16200 s, 17400
s, 18200 s, while the source mass flow rate remains constant. This can be explained by the
fact that the mass suspended in the upper plenum varies like the inlet concentration (in
kg/m3): that is to say, like the ratio of the source mass flow rate (in kg/s) to the gas flow rate
(in mVs). At 16200 s, 17400 s, 18200 s, the gas flow rate strongly increases (Fig 7.3) and
therefore the suspended mass of non-volatile fission products strongly decreases. This effect
does not appear with the other species, because they are almost totally released before
16000 s, while the gas flow rate is low and constant.

As regards the retained masses of volatiles, the condensation is the predominant
deposition phenomenon in both codes. Four periods (condensation, evaporation,
condensation, equilibrium) can be observed in Fig. 7.5a, in MAAP and in ECART. They can
be explained by the evolution of gas and structures temperatures (Fig 7.3) together with the
concentration of the vapour species able, or not, to reach the saturation on the walls.
However, the change from condensation to evaporation (and vice versa) does not occur at
the same time in both codes. It occurs in MAAP for Csl and TeO2 earlier, for CsOH later,
than in ECART.

The non-volatile fission products deposition is mainly due to thermophoresis (as seen
in par. 7.3.2): it occurs regularly (almost linearly) in both codes from 13000 s to 16000 s
because of a constant strong gas-wall temperature difference. Thermophoresis velocity is
slightly higher in MAAP than in ECART.

The structural materials deposition is also mainly due to thermophoresis. In ECART, it
occurs regularly from 12000 s to 16000 s. On the contrary, the deposition rate is extremely
high in MAAP between 12800 s and 13200 s, and it is likely to be due to differences in
suspended mass (2 times higher in MAAP), in temperatures (quick variations in MAAP not
detected in the output files data used by ECART), on theoretical models. It can be noted
that the mass released by the core strongly increases during the same period (see Fig. 7.1).
Between 13500 s and 16000 s, the deposition rate becomes slightly higher in MAAP than in
ECART, as for the non-volatile fission products.
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7.3.4 Time-dependent deposition in the hot leg

The curves related to the suspended masses in this component (Fig. 7.7) are the same as
in the upper plenum (Fig. 7.4), except a scale difference : in the hot leg, the masses are
smaller by a factor 2. This value can be easily explained. In fact, the gas temperature is
almost identical in the upper plenum and in the hot leg: therefore the gas does not expand or
contract between the two components, and the average concentration of each species (in
kg/m3) must be the same. Deposits are very low and do not influence significantly the
suspended masses (Tabs. 7.2 to 7.6). The hot leg volume is 2 times smaller than the upper
plenum: therefore, the mass suspended in the hot leg must be about 2 times smaller than in
the upper plenum.

As regards the retained masses (Fig. 7.8), the hot leg thermal-hydraulic conditions are
very similar to the upper plenum ones, although there is only one structure available for
deposition, the temperature of which increases rapidly and is higher than the gas temperature
after 16000 s. For this reason, the deposition by condensation or thermophoresis completely
stops after 16000 s.

In both codes, the volatile fission products condense onto the wall, then evaporate
totally for Csl, CsOH, and not totally for TeO2- At the involved temperatures, in fact, the
saturation pressure of TeO2 is much lower than those of Csl and CsOH (Fig. 6.31).

As in the upper plenum, the change from condensation period to evaporation period
occurs in MAAP for Csl and TeO2 earlier, for CsOH later, than in ECART. However, the
MAAP deposition rates (slopes of the curves) are here lower than the ECART ones.

The non-volatile fission products deposition is mainly due to gravitational settling in
MAAP and to thermophoresis in ECART. This fact explains the difference that can be
clearly observed between MAAP and ECART curves of Fig. 7.8b: the deposition of non-
volatile fission products stops in ECART after 16000 s (gas colder than wall), but goes on in
MAAP with a constant velocity. As a matter of fact, MAAP does not account for the size
of the particles and its deposited mass curve is similar to the source curve (Fig. 7.1), while
negligible gravitational settling occurs in ECART after 16000 s because the airborne
particles are predicted to be small: the aerodynamic mass median diameter is of the order of
1-2 urn (Fig. 7.15), and the geometric mean diameter is about only 0.2 urn.

ECART and MAAP curves related to the structural material masses retained in the hot
leg are dramatically different. In particular, as in the upper plenum, the deposition rate is
very high in MAAP between 12200 s and 12300 s, then between 12800 s and 13200 s. A
more detailed analysis of MAAP results shows that this code attributes to thermophoresis
and gravitational settling an equal part in the deposition process during these periods:
between 12800 s and 13200 s, 15 kg of structural materials are accounted as deposited by
thermophoresis, and 15 kg by gravitational settling. As already pointed out, these values
are likely to be mostly related to the high concentration of structural materials aerosols and
not to the real aerosol physical behaviour, that is not modelled in MAAP.

7.3.5 Time-dependent deposition in the steam generator inlet tubes

The curves related to the suspended masses in this component (Fig. 7.10) are the same
as in the hot leg (Fig. 7.7), except a scale difference. The factor of about 2.5 that appears
between the masses suspended in the hot leg and the inlet tubes can be explained by the
increase of both the volume and the gas density (because of cooling). However, compared
to the upstream components, the agreement between MAAP and ECART curves
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deteriorates between 16000 s and 18000 s: the mass suspended in ECART is much lower,
except around 17000 s. It is probably due to the spikes of steam condensation, that occur at
16400s and 17400 s (Fig. 3.11) and cause spikes of deposition by diffusiophoresis. The
marked peak that appears on all MAAP suspended mass curves at about 16400 s does not
appear in MAAP hot leg curves. It may be due to a numerical problem connected with a
fast variation of the carrier glas flow rate.

Investigating about the retention mechanisms, it must be noticed that the gas-wall
temperature difference is not as important as in the upstream components (Fig. 7.9).
However, the surface area available for deposition processes is much larger: 3300 m2 (250
times larger than in the hot leg, 16 times than in the upper plenum). The pipe walls remain
colder than the gas even after 16000 s, and the volatile fission products are no more vapours
but droplets, because of the low temperatures. For all these reasons, the thermophoretic
deposition is very significant in both codes inside the steam generator inlet tubes, and
predominates for all the species almost totally released before 16000 s (i.e. volatile fission
products and structural materials) (Tab. 7.10). ). As non-volatile fission products are also
significantly transported after 16000 s, and significant steam condensation occurs after this
time, the difrusiophoretic deposition predominates for this species in the ECART simulation.

As it can be seen in Fig. 7.11, the deposition trends of Csl, CsOH, TeO2 and the
structural materials are identical in the steam generator inlet tubes. Deposition rates are
higher in MAAP than in ECART, especially between 12800 s and 13200 s : at 13200 s, the
deposits in MAAP are about 2 .5-3 times higher than in ECART. Then the deposition rates
are more or less equal until 20000 s (the curves are parallel), except from 16000 s to 16500
s: during this short period, the ECART deposition rates significantly increase, probably
because the temperature gradient and the gas flow rate strongly increase, and big quantities
of steam condensate.

For the non-volatile fission products, the deposition rate is higher in MAAP than in
ECART until 16000 s: then, it dramatically increases in ECART until 20000 s. This effect is
more perceptible for the non-volatile fission products than for the other species because they
are released by the core at a significant flow rate after 16000 s.

Once again (as for the structural materials in the upstream components), obvious
discrepancies can be observed during short periods between the deposition rates predicted
by the two codes.

7.3.6 Time-dependent deposition in the steam generator outlet tubes

For all the species, the curves related to the suspended masses in this component (Fig.
7.13) are the same as in the steam generator inlet tubes, except before 13500 s : in fact,
before this time, the supended mass is clearly higher in ECART than in MAAP and not more
or less equal as in the upstream components. This can be probably explained by the aerosol
deposition, much more significant in MAAP during this period. The fact that in ECART the
suspended mass in the outlet tubes is higher than in the inlet ones is not surprising : the
carrier gas is cooler, therefore contracts.

It can be noticed that the spike observed on the MAAP curves at about 16400 s in the
inlet tubes still exists in the outlet ones, except for the non-volatile fission products.

Looking at the retention mechanisms (Fig. 7.14), it must be observed that the gas-wall
temperature difference is only 5 K (Fig. 7.12), instead of 50 K in the inlet tubes, and the
particles are less tiny than upstream, because of agglomeration and previous retention of
finest particles in the inlet tubes (see the particle size of suspended aerosol in each
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component, as computed by ECART, in Fig. 7.15). Therefore, thermophoresis is negligible,
and gravitational settling is the predominant deposition process for all the species almost
totally released before 16000 s (i.e. volatile fission products and structural materials)
(Tab. 7.10). For the same reason as in the steam generator inlet tubes, diflfusiophoresis
predominates for the deposition of the non-volatile fission products.

As in the upstream components, the volatile fission products and the structural materials
have similar behaviour. Their deposition begins later in ECART than in MAAP, probably
because the airborne particles are too tiny to significantly settle by gravity at the beginning of
the core release (see Fig. 7.15). Until 20000 s, their deposition rates are always higher in
MAAP than in ECART.

The mass of non-volatile fission products retained in the outlet tubes at 20000 s is the
same in MAAP and ECART. However both codes clearly disagree about the kinetics of
deposition : 75 % of the total retained mass settles in MAAP by gravity between 13000 s
and 17500 s, while the same fraction settles in ECART by diffusiophoresis between 17500 s
and 20000 s. The fact that MAAP does not account for diffusiophoresis is here quite
obvious.

7.3.7 Masses released into the containment

For the volatile fission products and the structural materials, the shapes of the curves
related to the mass released into the containment (Fig 7.16) and related to the mass released
by the core are similar (Fig. 7.1). The mass released into the containment is higher in
ECART than in MAAP. The discrepancy between both codes appears between 12800 s and
14000 s, then keeps a constant value until 20000 s. A very sharp increase of the deposited
masses in MAAP was already observed at about 13000 s in the four components analyzed
herein. This explains, at 13000 s, the divergence of the curves related to the masses
transferred from the primary circuit to the containment, and their parallelism after that time.

The influence of diffusiophoresis clearly appears on the ECART curve for the non-
volatile fission products releases. While MAAP curve is very like the source curve, the
ECART one increases much more slowly between 16000 s and 20000 s : in fact, during this
period, the whole mass released by the core is mainly retained in the primary circuit by
diffusiophoresis in the steam generator tubes.

7.4 Main outcomings of the comparison

The conclusions that can be drawn from this comparison between the models used by
MAAP for radionuclide transport throughout the primary circuit and the models activated in
this ECART run to closely reproduce the same modellistic approach, are reported in the
following subparagraphs.

7.4.1 Approximations introduced by data transfer

It is hard to compare MAAP and ECART responses for a severe accident scenario in a
totally rigorous way because the actual variations of MAAP parameters, influencing the
vapours and aerosols behaviour (i.e. temperatures, gas flow rates, flow rates of the fission
products or the structural materials released by the core) are not precisely transferred to the
ECART input at each time step. The loss of information between MAAP and ECART
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produces some discrepancies, for instance on the fractions of the upper plenum suspended
masses that enter the unbroken loops.

This level of approximation is, however, of the same order of the approximations
introduced in severe accident analyses by using not-integrated computer tools, as the STCP
codes used for US-NRC analyses [Gieseke et al., 1983], and, if the comparison is limited to
the general trend of the phenomena, they can be accepted. These discrepancies could be
reduced by using MAAP average output data instead of instantaneous ones.

7.4.2 Retention of species released at the beginning of the transient

In this severe accident scenario, the various chemical species that are released by the
core together, more or less with the same kinetics, have the same behaviour in the reactor
primary circuit. In MAAP, as in ECART, condensation or evaporation, that affect the
volatile fission products, are negligible transport processes if compared to the removal
mechanisms acting on aerosol particles like thermophoresis, gravitational settling or
diffusiophoresis: in each code, Csl, CsOH and TeO2 source fractions released into the
containment are very similar (56 % to 57 % in MAAP, 66 % to 68 % in ECART), and
fractions retained in each component too. The structural materials behaviour is not very
different. Deposition occurs mainly in the steam generator tubes : it is higher in MAAP than
in ECART.

7.4.3 Retention of non-volatile fission products

The non-volatile fission products behave differently from the volatile ones, because
large quantities of steam condensate in the steam generator tubes during their release, in the
later period of the accident simulation. MAAP does not account for diffusiophoresis,
therefore the retention of the non-volatile fission products in the primary circuit is lower in
MAAP than in ECART. Furthermore, the steam flow rate through the circuit varies very
sharply during this period: the approximation in the transfer of data between MAAP and
ECART (see 7.4.2) is probably more important than in the previous period, and increases
the discrepancy between both codes. Numerical troubles may also appear in such an unstable
situation.

7.4.4 Releases to the containment

The results of the MAAP/ECART comparison can be summarized as follows :

- as long as no significant steam condensation occurs in the primary circuit, the
MAAP release into the containment is lower than the ECART one, by about 10 %
of the source mass. It is the case for the species released earlier by the core, as the
volatile fission products (57 % are released into the containment in MAAP
compared to 67 % in ECART) and the structural materials (47 % are released in
MAAP compared to 59 % in ECART).

- when significant steam condensation occurs in the primary circuit, the MAAP
release into the containment is higher than the ECART one by about 18 % of the
source mass, mainly because MAAP does not account for diffusiophoresis. It is the
case for the non-volatile fission products : 54 % are released in MAAP compared to
36 % in ECART.
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7.4.5 Discrepancies between the influence of retention mechanisms

A deeper analysis of both codes results show that locally or during short periods the
predominant deposition phenomena and the deposition mass flow rates can be very different:

- condensation (or evaporation) of the volatile fission products do not occur at the same
time in both codes;

- diffusiophoresis does not appear in MAAP;

- gravitational settling always plays a role that is more significant in MAAP than in
ECART, and particularly in the steam generator inlet tubes (whatever the species may
be, this phenomenon causes more than 42% of the deposits in MAAP, and no more than
2 % in ECART).

- the deposition mass flow rate due to thermophoresis is sometimes much higher in MAAP
(for instance between 12800 s and 13200 s in the upper plenum, the hot leg and the steam
generator inlet tubes).

7.5 Analysis of model discrepancies

The MAAP and ECART results have been compared here in a "realistic" case: a severe
accident scenario in the reactor primary circuit. In such a complex situation, discrepancies
are caused by many various factors, very difficult to separate. To complete this work and to
better understand these discrepancies, it was found of interest to compare directly the
theoretical models used to describe the three deposition phenomena that are actually taken
into account by both codes in the primary system :

- the condensation and the evaporation of the volatile fission products;

- the deposition of the particles by thermophoresis;

- the gravitational settling of the particles.

7.5.1 The condensation/evaporation models

The condensation (or evaporation) of the fission product vapours can occur onto (or
from) the walls, or in the bulk. However, the growth (or the shrink) of the fission product
droplets in the gas flow does not change the suspended mass. Therefore, only the models
related to a mass transfer between the gas flow and the walls, by condensation or
evaporation, were compared.

This mass transfer for a given radionuclide species in a given control volume is
described by the following equation, in MAAP [Fauske & Ass., 1994] as in ECART
[Parozzi and Masnaghetti, 1990] :

= (C, - C ) x Diff x SHL x Aw
dt

where :

Mw is the total mass of vapor condensed on the walls (kg),

C5 is the concentration of the suspended vapor (kg/m^),

117



C"' is the equilibrium vapour concentration of the species at the wall temperature

(kg/m3),

Diff is the vapor diffusion coefficient in the carrier gas (m^/s),

SHL is the Sherwood number divided by a characteristic length of the component
(i. e. the hydraulic diameter)

Aw is the area of the wall surfaces.

Both codes use the same equation. However, they do not use the same formulas to
calculate C" , Diffand SHL.

To assess the impact of each of these parameters on the final mass flow rate, both
formulas used by MAAP and ECART have been implemented in a small independent code,
and applied to very simple cases: only one volume, with one deposition surface, and constant
thermal-hydraulic conditions representative of those previously observed in the accident
scenario. Two cases were studied (see also Fig. 7.5 a):

- the upper plenum at 13000 s, to explain why CsOH is condensing in MAAP and
evaporating in ECART;

- the upper plenum at 15000 s, to explain why TeO2 is condensing in MAAP and
evaporating in ECART.

The thermal-hydraulic data related to each case (Tab. 7.11) were determined by
interpolation in the ECART data; the third structure of the upper plenum, much smaller than
the others, was neglected.

The values obtained in each case with the MAAP formulas and with the ECART
formulas were compared, for the following parameters (Tabs. 7.12 to 7.13): C"' and (Cs -
C"'), Diff, SHL, A ,̂, and dMw/dt, the total condensing mass flow rate.

It can be checked that the discrepancies observed between the codes on the total flow
rate agree very well with those previously observed in Fig 7.5a: CsOH at 13000 s, as TeO2

at 15000 s, condenses in MAAP and evaporates in ECART .

The CsOH equilibrium vapor concentration C"' is always much lower in MAAP than in
ECART, by a factor from 0.005 to 0.33: therefore, when the CsOH suspended concentration
is higher than C"' MAAP and smaller than Ç? ECART, it can condense in MAAP and
evaporate in ECART. This happens in the structure 2 at 13000 s (Tab. 7.12). In MAAP,
the condensation on both structures increases the deposited mass, while in ECART, as
CsOH evaporates from the second structure more quickly than it condenses onto the first,
the total deposited mass decreases.

The TeO2 equilibrium vapour concentration is almost similar in both codes. The fact
that this species condenses in MAAP at 15000 s, while it evaporates in ECART, is not due
to a discrepancy between the equilibrium concentrations, like for CsOH at 13000 s : the
evaporation from the second structure in MAAP could occur, but in fact cannot because
there is no more deposited droplets to evaporate. In ECART, the TeO2 deposited mass is
higher (see Fig. 7.5 a) and allows evaporation.

Whatever the volatile fission product may be, the vapor diffusion coefficient is clearly
lower in MAAP than in ECART (factor between 0.5 and 0.9).

SHL is often higher in MAAP than in ECART by a factor that can reach 2; this
parameter can be interpreted as the inverse of a boundary layer thickness: this layer is thinner
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in MAAP. Except for the structure 1 at 15000 s, the product Diffx SHL remains however
lower in MAAP: the vapor diffuses more slowly towards the wall.

In conclusion, the condensation or the evaporation occurs more slowly in MAAP,
mainly because the vapor diffusion coefficient is clearly lower than in ECART.

The formulas used to calculate this coefficient are in fact very different :

In MAAP:

„ 8 2 9 x
10xpx( l + )

m

Diff is the diffusion coefficient (

Tm = 0.5 x (Tg +TW) is the boundary layer temperature (K), and p is the gas pressure (Pa).

In ECART :

T175x(J- + _ U
M M

Diff = - s where :

1013.25

Diff is the diffusion coefficient of the species of interest in the carrier gas (cm^/s),

T is the gas temperature (K),

p is the gas pressure (dyne/cm2),

M s is the molecular weight of the species of interest (g/mole),

Mg is the molecular weight of the gas mixture (g/mole),

DVS is t n e diffusion volume of the species (cm^),

DVg is the diffusion volume of the gas mixture (cm^).

In particular, it can be noticed that the diffusion coefficient depends on the species of
interest in ECART, not in MAAP.

7.5.2 The thermophoresis models

The thermophoretic deposition velocity is calculated by the following equations (the
unit of measure of this velocity depends on the chosen system):

In MAAP (Epstein's formula) :

vA= — xKx—Lx — — x SHL where:
X P, Tw

X is the aerodynamical shape factor,

K = fix —— where (3 is a nondimensional velocity coefficient, chosen equal

to 0.04, and Pr is the gas Prandtl number,

u,g is the gas viscosity,

p g is the gas density,
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Tg is the gas temperature,

T w is the wall surface temperature,

SHL is the Sherwood number divided by a characteristic length of the compartment (i.e.
the hydraulic diameter) as in the condensation equation . It can be interpreted as the
inverse of a boundary layer thickness : (Tg-Tw)*SHL is the gas-wall thermal gradient.

In ECART (Brock's formula) :

with:

£- + ctKn(r))xCn(r)
K(r) = E r where

r is the particle radius,

cs is the thermal slip coefficient (chosen equal to 0.75),

ĉ  is the thermal accomodation coefficient (chosen equal to 2.49),

c m is the momentum accomodation coefficient (chosen equal to 1.0),

kg/kp is the gas-to-particle thermal conductivity ratio (chosen equal to 0.01),

Kn(r) is the particle Knudsen number,

Cn(r) is the particle Cunningham slip factor,

NUL is the Nusselt number divided by the hydraulic diameter,

Hg, pg, Tg, T w have the same definition as in MAAP equation.

Several differences appear between the MAAP AND ECART equations :

- ECART accounts for the size of the particles (K(r) decreases when r increases) while
MAAP does not.

- The gas-wall temperature difference is divided by the wall temperature in MAAP, by the
gas one in ECART.

- To calculate the boundary layer thickness, MAAP uses the Sherwood number and
ECART the Nusselt number.

- The aerodynamical shape factor appears in MAAP only.

As previously for the condensation models, to assess the impact of each parameter in
the thermophoretic deposition velocity, MAAP and ECART models were implemented in an
independent code, and applied to four different cases (Tab. 7.14):

- the hot leg at 13000 s, to understand why the deposition velocity of the structural
materials is much higher in MAAP than in ECART (see Fig 7.8b);

- the steam generator inlet tubes at 13000 s for the same reason (see Fig 7.1 lb);

- the steam generator inlet tubes at 15500 s to explain why the deposition velocity of the
non volatile fission products is much higher in MAAP ;

- the steam generator inlet tubes at 16200 s, to study a case with steam condensation.
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K(r) in the ECART equation was calculated for three particle radii: rm/a, rm and r m a ,
where rm is the mass median radius, and a the geometric standard deviation (rm and o
related to each case were read on the ECART output files).

It has to be reminded that in MAAP, for the species and the components chosen above,
50% of the deposits are due to thermophoresis, 50% to gravitational settling (see Tab 7.8,
7.9).

The values obtained with the MAAP formulas and ECART ones were compared for the
following parameters (Tab. 7.15): K or K(r), the kinematic viscosity (ratio Hg/pg), the ratio
(Tg - TJ/Tg (noted AT/T), the inverse of the boundary layer thickness (Nu/D or Sh/D), the
resulting thermophoretic deposition velocity vth Then, to be able to compare the deposited
mass flow rate due to thermophoresis (Tab. 7.16): the wall surface area Aw , the ratio
(Mjujp/Vol) equal to C ^ , the concentration of the suspended particles that can be deduced
from the Fig. 7.7b and 7.10b, and, at last, the mass transfer due to thermophoresis,
calculated by :

dM/dt = v,, * A. * C ^ .

This equation is rigorous for MAAP, not for the ECART case, where the right equation
used by the code is:

dM/dt = 2 vj r ) * Aw * Csusp(r)

The aerodynamic shape factor was chosen equal to 1, in order not to modify the MAAP
thermophoretic velocity.

It appears that the MAAP coefficient K is always higher than the ECART one K(r),
even for the smallest radius rm/o. This discrepancy is very clear in the steam generator at
13000 s and 15500 s (factor about 3 for rm/a, about 5 for rm), because in this case the
particles are bigger than in the other ones (see Fig. 7.15 and Tab. 7.14): therefore K(r) is
lower.

The kinematic viscosity is often higher in MAAP than in ECART by a factor that can
reach 2.6.

The thermophoresis can occur only when the wall surface temperature is lower than the
gas temperature. Consequently, AT/T equal to (Tg - Tw)/Tw in MAAP is always higher
than AT/T equal to (Tg - Tw)/Tg in ECART, by a factor Tg/Tw.

The boundary layer thickness can be very different between MAAP and ECART (up to
two orders of magnitude). Many reasons explain this discrepancy :

- MAAP uses the Sherwood number, not the Nusselt number, and calculates it by :
Sh = Nu * (Sc / Pr) °3- being Sc is the Schmidt number, Pr the Prandtl number. The
ratio Sc/Pr can be clearly different from 1 : for instance, it is equal to 0.7 in the steam
generator at 16200 s and to 1.33 in the hot leg at 13000 s.

- The MAAP and ECART Nusselt numbers are sometimes very different, and three reasons
can be mentioned. Firstly, to calculate the flow dimensionless numbers (Re, Nu, Sc, etc.)
MAAP uses in fact the minimum value between the input and the output flow rates, while
ECART uses the input value. This can create big discrepancies when the output gas mass
flow rate is strongly lower than the input one, like in the steam generator at 16200 s (the
discrepancy is reduced to a factor of ~ 2 if MAAP uses the same flow rate as ECART).
Then, ECART and MAAP do not use the same formula to calculate the Nusselt number
when the Reynolds number is lower than 6000 (above, both use the classic Dittus-Boelter
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relation. Nu = 0.023 Re08 Pr03). At last, MAAP uses only the gas characteristics of the
bulk flow, while ECART uses those of the boundary layer, at Tm = (Tg * Tw)1/2.
Moreover, for the steam diffusivity, MAAP uses the same value in all the primary system
components.

The discrepancies observed about the thermophoretic mass deposition rate agree well
with those already observed on Figs. 7.8b and 7.11b when no difïusiophoresis occurs: the
deposition rate is clearly higher in MAAP than in ECART in the hot leg at 13000 s, in the
steam generator at 13000 s and 15500 s. In MAAP (as it can be seen in the output files)
gravitational settling plays a part equal to thermophoresis in these three cases: it enhances
the deposition by a factor ~ 2 and increases the discrepancy observed between the MAAP
and ECART deposition rates.

In the last case, at 16200 s, the thermophoretic deposition rate is slightly higher in
MAAP than in ECART. But difïusiophoresis dramatically increases the total deposition rate
in ECART: it becomes much higher than in MAAP, as observed on the Fig. 7.1 lb.

In conclusion, as regards the thermophoretic deposition velocity only, it can be noticed
that the MAAP value is often higher than the ECART one, mainly because in the MAAP
code: the gas kinematic viscosity is higher, the ratio AT/T is calculated with Tw instead of
Tg, the size of the particles is not accounted for (the coefficient K is clearly higher than K(rm)
in ECART when for instance rm = 0.8 u.m).

However, in a component where the output gas flow rate is much lower than the input
one, the thermophoretic deposition velocity can be much lower in MAAP than in ECART,
because MAAP uses the smaller flow rate to calculate the dimensionless parameter. This
increases the thickness of the boundary layer, and hinders the deposition process.

7.5.3 The gravitational settling models

The MAAP and ECART models for the gravitational settling have so little in common
that they cannot be easily compared.

For both codes, the mass deposition rate due to this aerosol phenomenon, for particles
of radius r, is equal to:

As in the other aerosol transport processes, MAAP does not account for the particle
size, and uses the general formula:

The removal rate Xsecj (see 4.2.4.b) is calculated as a function increasing with the total
suspended mass in the compartment:

dM

Obviously, this function is related to other parameters, like geometric characteristics,
particle density, etc.

ECART calculates vMd(r) in each size bin by the Stokes law, or by an experimental fit in
the case of non-stokesian particles:

dt
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Of course, the size distribution can vary independently on the total suspended mass.

Originally, the MAAP model was developed to describe the behaviour of particles in the
reactor building. In this very large volume, the tiny particles have enough time to
agglomerate significantly and the MAAP correlation implicitly takes into account this
agglomeration process, that increases the particle size and therefore the deposition due to
the gravitational settling.

In the primary system during a severe accident, the conditions are different: the particles
carried by the gas current can have short residence time, and the agglomeration process can
occur less significantly than in the containment (unless the flow is very turbulent). This may
explain why MAAP, compared to ECART, overestimates the gravitational settling in the
primary system components, as it was noticed in 7.3.4.
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Tab. 7.1 - Major cases performed with ECART.

Run number

01

07

12

13

14

17

20

24

28

Date

23/11/94

2/12/94

6/12/94

6/12/94

6/12/94

7/12/94

9/12/94

24/07/95

05/01/96

Description

Overall test run

Particle size sensitivity analysis:
geometric mean radius = 0.1 micron

Particle size sensitivity analysis:
geometric mean radius = 0.001 micron

Particle size sensitivity analysis:
geometric mean radius = 0.35 micron

Particle size sensitivity analysis:
geometric mean radius = 0.05 micron

Multicomponent feature included

Resuspension feature included

Steam generator U pipe modelled

Base case (MAAP-like)
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Tab. 7.2 - Csl mass balance at 20000 s.

PARAMETER

SOURCE = MASS
RELEASED BY THE
CORE
(kg)

MASS DEPOSITED IN
THE UPPER PLENUM
(% of source)

MASS DEPOSITED IN
THE BROKEN LOOP
(% of source)

HOT LEG
PRESSURIZER
S.G. INLET TUBES
S.G. OUTLET TUBES
INTERMEDIATE LEG

TOTAL

MASS IN THE
UNBROKEN LOOPS
(% of source)

MASS RELEASED INTO
THE CONTATNMENT
(% of source)

MAAP

29.74

1.5

0
0.6
20.5
11.2
4.5

36.8

4.0

57.0

ECART

29.74

1.1

0
0.4
12.5
7.0
4.9

24.8

6.0

68.1

MAAP-ECART

0.0 %
(M-E/M)

+0.4

0
+0.2
+8.0
+4.2
-0.4

+12.0

-2.0

-11.1
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Tab. 7.3 - CsOH mass balance at 20000 s.

PARAMETER

SOURCE = MASS
RELEASED BY THE CORE
(kg)

MASS DEPOSITED IN THE
UPPER PLENUM
(% of source)

MASS DEPOSITED IN THE
BROKEN LOOP
(% of source)

HOT LEG
PRESSURIZER
S.G. INLET TUBES
S.G. OUTLET TUBES
INTERMEDIATE LEG

TOTAL

MASS IN THE UNBROKEN
LOOPS
(% of source)

MASS RELEASED INTO
THE CONTAINMENT
(% of source)

MAAP

195.6

1.5

0
0.6
20.5
11.2
4.5

36.8

4.0

57.0

ECART

195.6

1.2

0
0.4
12.3
7.2
5.0

24.9

6.0

67.9

MAAP-ECART

0.0 %
(M-E/M)

+0.3

0
+0.2
+8.2
+4.0
-0.5

+ 11.9

-2.0

-10.9
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Tab. 7.4 - TeO2 mass balance at 20000 s.

PARAMETER

SOURCE = MASS
RELEASED BY THE CORE
(kg)

MASS DEPOSITED IN THE
UPPER PLENUM
(% of source)

MASS DEPOSITED IN THE
BROKEN LOOP
(% of source)

HOT LEG
PRESSURIZER
S.G. INLET TUBES
S.G. OUTLET TUBES
INTERMEDIATE LEG

TOTAL

MASS IN THE UNBROKEN
LOOPS
(% of source)

MASS RELEASED INTO
THE CONTAINMENT
(% of source)

MAAP

38.62

1.6

0.9
0.6

20.4
11.1
4.5

37.5

4.0

56.2

ECART

38.63

1.1

1.4
0.4
13.1
6.9
4.8

26.6

6.1

66.2

MAAP-ECART

-0.0 %
(M-E/M)

+0.5

-0.5
+0.2
+7.3
+4.2
-0.3

+ 10.9

-2.1

-10.0
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Tab. 7.5 - Non-volatile fission product mass balance at 20000 s.

PARAMETER

SOURCE = MASS
RELEASED BY THE CORE
(kg)

MASS DEPOSITED IN THE
UPPER PLENUM
(% of source)

MASS DEPOSITED IN THE
BROKEN LOOP
(% of source)

HOT LEG
PRESSURIZER
S.G. INLET TUBES
S.G. OUTLET TUBES
INTERMEDIATE LEG

TOTAL

MASS IN THE UNBROKEN
LOOPS
(% of source)

MASS RELEASED INTO
THE CONTAINMENT
(% of source)

MAAP

182.2

2.0

0.5
0.7
15.7
11.6
3.4

31.9

10.9

54.1

ECART

182.1

1.5

0.1
1.3

29.3
12.5
1.2

44.4

17.8

36.2

MAAP-ECART

0.0 %
(M-E/M)

+0.5

+0.4
-0.6
-13.6
-0.9
+2.2

-12.5

-6.9

+ 17.9
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Tab. 7.6 - Structural material mass balance at 20000 s.

PARAMETER

SOURCE = MASS
RELEASED BY THE CORE
(kg)

MASS DEPOSITED IN THE
UPPER PLENUM
(% of source)

MASS DEPOSITED IN THE
BROKEN LOOP
(% of source)

HOT LEG
PRESSURIZER
S.G. INLET TUBES
S.G. OUTLET TUBES
INTERMEDIATE LEG

TOTAL

MASS IN THE UNBROKEN
LOOPS
(% of source)

MASS RELEASED INTO
THE CONTAINMENT
(% of source)

MAAP

4308.

4.6

1.4
0.7

21.7
12.6
4.5

40.9

6.9

46.8

ECART

4320.

2.0

0.2
0.6
16.6
8.2
4.4

30.0

9.1

58.9

MAAP-ECART

-0.3 %
(M-E/M)

+2.6

+ 1.2
+0.1
+5.1
+4.4
+0.1

+ 10.9

-2.2

-12.1
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Tab. 7.7 - Deposition mechanisms in the upper plenum up to 20000 s.

Species

Csl

CsOH

TeO2

Non-volatile
fission

products

Structural
materials

MAAP

98.3 % condensation
1.0 % thermophoresis
0.7 % gravitational sett.

98.8 % condensation
0.6 % thermophoresis
0.6 % gravitational sett.

71.3 % condensation
23.1% thermophoresis
5.5 % gravitational sett.

85.0 % thermophoresis
14.6 % gravitational sett.
0.4 % condensation

81.2 % thermophoresis
18.7 % gravitational sett.

ECART

98.9 % condensation
0.9 % thermophoresis

99.9 % condensation

98.2 % condensation
1.8% thermophoresis

98.4 % thermophoresis
1.5% gravitational sett.

99.1 % thermophoresis
0.9 % gravitational sett.
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Tab. 7.8 - Deposition mechanisms in the hot leg up to 20000 s.

Species

Csl

CsOH

TeO2

Non-volatile
fission

products

Structural
materials

MAAP

no deposition

no deposition

54.0 % condensation
25.0 % thermophoresis
21.0% gravitational sett.

83.5 % gravitational sett.
16.5 % thermophoresis.

59.5 % gravitational sett.
40.5 % thermophoresis.

ECART

no deposition

no deposition

97.5 % condensation
2.4 % thermophoresis
0.1 % gravitational sett.

68.4 % thermophoresis
23.1 % gravitational sett.

6.4 % turbulent inert.
2.2% turbulent diff.

90.2 % thermophoresis
8.2 % gravitational sett.
1.2% turbulent inert.

131



Tab. 7.9 - Deposition mechanisms in the steam generator inlet tubes up to 20000 s.

Species

Csl

CsOH

TeO2

Non-volatile
fission

products

Structural
materials

MAAP

56.3 % thermophoresis
43.7% gravitational sett.

56.2 % thermophoresis
43.8 % gravitational sett.

56.1 % thermophoresis
43.9 % gravitational sett.

57.4 % thermophoresis
42.6 % gravitational sett.

52.2 % gravitational sett.
47.8 % thermophoresis

ECART

74.3 % thermophoresis
23.6% difrusiophoresis

1.7 % gravitational sett.
0.2 % condensation
0.2% turbulent inert.

71.8 % thermophoresis
22.7 % difrusiophoresis

3.6% condensation
1.7% gravitational sett.
0.2% turbulent inert.

72.5 % thermophoresis
25.4 % difrusiophoresis

1.6 % gravitational sett.
0.2% turbulent inert.
0.2 % condensation

63.7 % diffusiophoresis
34.5 % thermophoresis
0.9% turbulent inert.
0.7% turbulent diff.
0.3 % gravitational sett.

56.6 % thermophoresis
41.3 % diffusiophoresis

1.2 % gravitational sett.
0.6% turbulent inert.
0.3 % turbulent diff.
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Tab. 7.10 - Deposition mechanisms in the steam generator outlet
tubes up to 20000 s.

Species

Csl

CsOH

TeO2

Non-volatile
fission

products

Structural
materials

MAAP

92.5 % gravitational sett.
7.5 % thermophoresis

92.5 % gravitational sett.
7.5 % thermophoresis

92.5 % gravitational sett.
7.5 % thermophoresis

93.8 % gravitational sett.
6.2 % thermophoresis

94.1 % gravitational sett.
5.9 % thermophoresis

ECART

78.4 % gravitational sett.
16.1 % diffusiophoresis
5.2 % thermophoresis
0 . 1 % turbulent inert.
0.1 % turbulent diff.

78.9 % gravitational sett.
15.9% diffusiophoresis
5.0 % thermophoresis
0.1 % turbulent inert.
0 . 1 % turbulent diff.

77.9 % gravitational sett.
16.7% diffusiophoresis
5.1 % thermophoresis
0.1 % turbulent inert.
0.1 % turbulent diff.

88.9 % diffusiophoresis
5.6 % gravitational sett.
4.2 % thermophoresis
0.8 % turbulent diff.
0.5 % turbulent inert.

59.9 % gravitational sett.
35.5 % diffusiophoresis
4.1 % thermophoresis
0.3 % turbulent diff.
0.2 % turbulent inert.
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Tab. 7.11 - Main data used to compare MAAP and ECART volatile fission
product condensation/evaporation models

Parameter

Gas temperature (K)

Wall surface temperature (K) :
structure 1
structure 2

Pressure (Pa)

Inlet flow rate (kg/s)

Outlet flow rate (kg/s)

Gas mixture composition
(mass fractions) :

H2O
H2

Particles vol./gas vol. ratio

Particles density (kg/m^)

Aerodynamical shape factor

Steam diffusivity

UPPER PLENUM
13000 s

1204.

504.
895.

3.429 10+5

2.066

1.973

0.6298
0.3702

3.591 10-5

7.519 10+3

2.5

7.744 10-5

15000 s

1125.

544.
1120.

2.065 10+5

1.497

1.213

0.9788
0.0212

1.131 10-5

7.380 10+3

2.5

1.222 10"4
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Tab. 7.12 - Comparison of MAAP and ECART volatile fission product
condensation/evaporation models in the upper plenum at 13000 s

Csl

CsOH

TeC-2

Structure 1

MAAP
ECART

MAAP/ECART
Structure 2

MAAP
ECART

MAAP/ECART

Structure 1

MAAP
ECART

MAAP/ECART

Structure 2

MAAP
ECART

MAAP/ECART

Structure 1

MAAP
ECART

MAAP/ECART
Structure 2

MAAP
ECART

MAAP/ECART

(kg/m3)

6.14 10"12

3.72 10"11

0.17

6.62 10"4

5.29 W4

1.25

1.51 10'8

2.09 10-6

7.2 10-3

5.48 lu"3

2.73 lu"2

0.20

0.0
0.0

1.01 10"5
1.10 10-5

0.92

c.-cr
(kg/m3)

2.63 lu ' 3

1.67 10-3

1.57

1.97 10*3
1.14 lu"3

1.73

1.67 lu ' 2

1.20 10-2

1.39

1.12 10*2
-1.53 10-2

-0.73

3.35 10-3
2.15 lu '3

1.56

3.34 lu '3

2.14 lu '3

1.56

Diff

(m2/s)

1.74 lu"5

3.65 10-5

0.48

2.60 10-5
6.04 JO'5

0.43

1.74 10-5
4.28 10-5

0.41

2.60 10*5
7.07 10*5

0.37

1.74 10-5
4.06 10-5

0.43

2.60 10*5
6.72 lu"5

0.39

SHL

(/m)

6.97 10+ 1

4.87 10+ 1

1.43

5.85 10+ 1

4.66 10+ 1

1.26

6.97 10+ 1

4.62 10+ 1

1.51

5.85 10+ 1

4.42 10+ 1

1.32

6.97 10+ 1

4.70 10+ 1

1.48

5.85 10+ 1

4.50 10+ 1

1.30

A w

(m2)

45.9
45.9

1.00

143.3
143.3

1.00

45.9
45.9

1.00

143.3
143.3

1.00

45.9
45.9

1.00

143.3
143.3

1.00

Total:
dM
— (kg/S)
dt

1.46 10*4

1.36 10"4

1.07

4.29 10"4

4.60 10-4

0.93

9.29 10"4

1.09 lu"3

0.85

2.44 10"3
-6.85 10-3

-0.35

1.86 10"4

1.88 10"4

0.99

7.27 10-4

9.27 10"4

0.78
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Tab. 7.13- Comparison of MAAP and ECART volatile fission product
condensation/evaporation models in the upper plenum at 15000 s

Csl

CsOH

TeO2

Structure !

MAAP
ECART

MAAP/ECART

Structure 2

MAAP
ECART

MAAP/ECART

Structure 1

MAAP
ECART

MAAP/ECART

Structure 2

MAAP
ECART

MAAP/ECART

Structure 1

MAAP
ECART

MAAP/ECART
Structure 2

MAAP
ECART

MAAP/ECART

cr
(kg/m3)

1.50 10*10

6.60 10-1°

0.23

3.57 lu'2

2.79 10-2

1.28

1.33 10"7

9.23 10"*

1.4 10-2

1.40 10*1
4.20 10-1

0.33

0.0
0.0

4.93 10-3
5.38 lu"3

0.92

(kg/m3)

4.78 10"4

4.78 10"4

1.00

-3.52 lu"2

-2.67 10-2

1.32

3.35 10"3
3.35 10"3

1.00

-1.37 10-1
-4.17 lO'l

0.33

7.17 10"4

9.56 10-4

0.75

-4.21 10"3
-4.42 10-3

0.95

Diff

(m2/s)

2.75 lu"5

3.13 10-5

0.88

4.92 10-5
5.88 10"5

0.84

2.75 10-5
3.69 10*5

0.75

4.92 10-5
6.95 10-5

0.71

2.75 10-5
3.50 10-5

0.79

4.92 lu"5

6.58 lu"5

0.75

SHL

(/m)

6.35 10+1

3.29 10+1

1.93

2.98 10+1

3.34 10+1

0.89

6.35 10+1
3.11 10+1

2.04

2.98 10+1
3.16 10+1

0.94

6.35 10+1

3.17 10+1

2.00

2.98 10+1

3.22 10+1

0.93

A w

(m2)

45.9
45.9

1.00

143.3
143.3

1.00

45.9
45.9

1.00

143.3
143.3

1.00

45.9
45.9

1.00

143.3
143.3

1.00

Total:
dM
—-(kg/s)
dt

3.83 lu"5

2.25 10-5

1.70

0.0 (•)

o.o o

2.68 10^
1.76 10"4

1.52

0.0 (•)
0.0 (•)

5.74 lu ' 5

4.86 lu"5

1.18

0.0 (•)
-1.34 10-3

0.0
(*) No more deposited droplets to evaporate
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Tab. 7.14 - Main data used to compare MAAP and ECART thermophoresis models

Parameter

Gas temperature (K)

Wall surface temp. (K) :

Pressure (Pa)

Inlet flow rate (kg/s)

Outlet flow rate (kg/s)

Gas mixture composition
(mass fractions) :

H2O
H2

Particles vol./gas vol. ratio

Particles density (kg/m3)

Aerodynamical shape factor

Steam diffusivity

Particles radius:
r m / a

r m

HOT LEG
13000 s

1117.

818.

3.429 10+5

1.973

1.972

0.6492
0.3508

4.123 10-5

7.519 10+3

2.5

7.744 10-5

2.61 10-7
5.19 10-7
1.03 10-6

STEAM GENERATOR
INLET TUBES

13000 s

464.

397.

3.429 10+5

1.972

2.013

0.6704
0.3296

1.134 10-4

7.226 10+3

2.5

7.744 10-5

4.34 10-7
8.85 10-7
1.81 10-6

15500 s

426.

390.

1.775 10+5

0.916

1.756

0.9904
0.0096

2.837 10-5

7.088 10+3

2.5

1.357 10-4

4.09 10-7
8.04 10-7
1.58 10"6

16200 s

582.

400.

4.129 10+5

11.69

0.340

0.9525
0.0475

7.879 10-6

7.194 10+3

2.5

1.097 10-4

1.18 10-7
1.97 10-7
3.30 10-7

137



Tab. 7.15 - Comparison of MAAP and ECART thermophoretical deposition
velocities

Hot Leg
at

13000 s

Struct. Mat.

Steam Gen.
Inlet Tubes

at
13000 s

Struct. Mat.

Steam Gen.
Inlet Tubes

at
15500 s

non volât,
fission

products
Steam Gen.
Inlet Tubes

at
16200 s

non volât,
fission

products

MAAP
ECART:

r m / a

rm

MAAP/ECART

MAAP
ECART:

rm /CT

rm
r m * c

MAAP/ECART

MAAP
ECART:

r m / o

rm
rm'a

MAAP/ECART

MAAP
ECART:

r m / a

rm
Tm*a

MAAP/ECART

K
or

K(r)

3.33 10-1

2.54 10'1

1.77 10"!
1.12 10-1

1.31
1.88
2.97

3.66 lO"1

8.61 10-2
5.24 lu"2

3.38 lO-2

4.25
6.98
10.82

3.81 10"1

1.57 10"1

9.90 lO-2

6.13 10"2

2.43
3.85
6.22

3.20 10-1

2.88 10-'
2.33 10-1
1.76 lO*1

1.11
1.37
1.82

^ g / P g

(m2/s)

1.47 10"4

6.46 10"5

2.27

3.07 10*5

1.17 lu"5

2.62

1.70 10*5

1.38 lu"5

1.23

1.78 lu"5

1.77 lu"5

1.01

AT/T

3.66 10-1

2.67 lO"1

1.37

1.69 10-1

1.44 lO'l

1.17

9.23 10"2

8.45 lu"2

1.09

4.55 10"1

3.13 lO-1

1.45

Sh/D
or

Nu/D
(/m)

4.70 10+2

3.73 10+2

1.26

1.27 10+2

5.24 10+2

0.24

1.19 10+2

4.15 10+2

0.29

8.06 10+1

2.48 10+3

0.03

vth

(m/s)

8.42 lu'3

1.63 lu'3

1.14 10*3
7.21 10"4

5.16
7.38
11.68

2.41 10-4

7.60 lO-5

4.62 lu"5

2.98 lO-5

3.17
5.22
8.09

7.11 10"5

7.59 10-5
4.79 lO-5

2.97 lO-5

0.94
1.48
2.39

2.09 10"4

3.95 lO-3

3.20 10-3
2.42 10-3

0.05
0.07
0.09
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Tab. 7.16 - Comparison of MAAP and ECART deposited mass flow rates due to
thermophoresis

Hot Leg
at

13000 s

Struct. Mat.

Steam Gen.
Inlet Tubes

at
13000 s

Struct. Mat.

Steam Gen.
Inlet Tubes

at
15500 s

non volât,
fission

products
Steam Gen.
Inlet Tubes

at
16200 s

non volât,
fission

products

MAAP
ECART:

r m / a

rm
r m * c

MAAP/ECART

MAAP
ECART:

r m / a

rm

MAAP/ECART

MAAP
ECART:

r m / a

rm
Tm*c

MAAP/ECART

MAAP
ECART:

r m / a

rm
rm*CT

MAAP/ECART

v t h

(m/s)

8.42 lu"3

1.63 lu"3

1.14 10"3
7.21 10"4

5.16
7.38
11.68

2.41 10"4

7.60 10"5

4.62 lO'5

2.98 10"5

3.17
5.22
8.09

7.11 lO'5

7.59 10"5

4.79 10"5

2.97 10"5

0.94
1.48
2.39

2.09 10"4

3.95 lu'3

3.20 lu'3

2.42 lu"3

0.05
0.07
0.09

A w

(m2)

12.37

12.37

1.00

3271.

3271.

1.00

3271.

3271.

1.00

3271.

3271.

1.00

^ susp

(kg/m3)

4.05 10-1

2.96 10-1

1.37

6.94 10-1

6.94 10-1

1.00

1.62 lu'2

9.65 10"3

1.68

1.54 10"2

7.72 10"4

19.95

dM

dt

(kg/s)

4.22 10"2

5.97 lu"3

4.17 lO-3

2.64 lu"3

7.07
10.12
15.98

5.47 10"1

1.73 10-1
1.05 10-1
6.76 lO-2

3.16
5.21
8.09

3.77 10*3

2.40 lu'3

1.51 lu"3

9.37 10-4

1.57
2.50
4.02

1.05 lu"2

9.97 lu"3

8.08 lu"3

6.11 lO-3

1.05
1.30
1.72
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Fig. 7.1a - Mass of volatile species released from the core
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Fig. 7.2a - Mass release rate from the core of volatile species
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Fig. 7.3 - Thermal-hydraulic conditions in the upper plenum
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Fig. 7.4a - Suspended mass of volatile species in the upper plenum
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Fig. 7.5a - Mass of volatile species retained in the upper plenum
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Fig. 7.7a - Suspended mass of volatile species in the hot leg

o
C/)o

C/3

O

s
dm)

s
6

S
d

S
d

O

co
mo g)

" r E

_ *•>

o
d

p
d

p
d

CL X

S ni

r S

150



Non-volatile Fission Products

012-

0 1

O» 0O8-

(0
0.06-

0.04-

0.02-

0.0-

10
I

12 13 14 IS 16 17 18 19 20

•10'

Time (s)

Structural Materials
4.0-

35 -

3.0-

W 2 0 -

5 15-

1.0

0.5

0.0

10 11 12 13 14 15

•10'

16 17 18 19 20

Time (s)

Tj

cr
•

c
CO
•a
CD

Q .
CD

0
CO
CO

•

2Ç2
CD

CD*
CO

8
CD
CO

CD
:x
o
CD"

CO



Fig. 7.8a - Mass of volatile species retained in the hot leg
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Fig. 7.10a - Suspended mass of volatile species in the S. G. Inlet tubes
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Fig. 7.11a - Mass of volatile species retained in the S.G. inlet tubes
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Fig. 7.13a - Suspended mass of volatile species in the S.G. outlet tubes
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Fig. 7'.14a - Mass of volatile species retained in the S.G. outlet tubes
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Fig. 7.16a - Mass of volatile species released into the containment
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8. IMPACT OF ECART ADVANCED AEROSOL MODELS

8.1 General considerations

After the comparison with the MAAP code, performed using a MAAP-like input,
further analyses were arranged in order to evaluate possible discrepancies in the analysis of
the results due to specific capabilities of ECART as regards the considered accident
scenario. The multicomponent aerosol behaviour, the aerosol dry physical resuspension and
a more detailed description of the steam generator were the object of these further analyses
which are obviously not comparable with the MAAP results already discussed.

Starting from a basic input (run n. 14) (Tab. 7.1), analogous to the ECART one used
for the comparison presented in the previous chapters (differing only in the source rate input
points characterizing the releases of structural materials), single code runs were performed
activating only the specific models object of the discussion, as described in the following.

8.2 Impact of aerosol multicomponent description

As mentioned in par. 5.2, ECART code always uses mono-component basic aerosol
equations to compute the evolution of aerosol particles. Optionally, in order to give a
multicomponent description of the aerosols, the code can individually track, in parallel, the
transported species in each size bin, accounting for all transport mechanisms. This simplified
multicomponent description is performed for both airborne and deposited particles and mass
normalizations are made after each time step [Fontana et al., 1991].

In more detail, the current particles mass in each size bin is distributed among the
involved chemical species following all the particle transport phenomena accounted by the
code (sources, particle growths or shrinkings, depositions, resuspensions, etc.). In order to
fully exploit the known particle number concentrations, directly supplied by the basic aerosol
model, the known particle mass involved in each event is divided among the individual
chemical species according to the mass fractions existing at the beginning of the time step.
At the end of the time step, the resulting species masses are normalized so as to conserve the
current total mass in each size bin. At the same time, the size-dependent species masses are
normalized so as to conserve the total species masses in each control volume and in each
structure surface, which are exactly known from the solution of the master equation.

Such an approximate multicomponent account is carried out for both the suspended and
the deposited particle distributions. In the first case the result is a detailed bass balance of
the chemical species for each volume and size range. In the second case, the masses of the
chemical species are determined for each volume, structure and size range, assuming that no
agglomeration occurs and that only evaporation from the particles is allowed. Knowing the
particle composition in each size range, volume- and size-dependent particle densities can be
computed consistently and used whenever needed at each time step. Limitations exist in the
choice of the ECART master time step, because the algorithm is more simple than that
adopted for the general aerosol equation.

The correctness of this multicomponent algorithm, from a computational point of view,
was tested on "virtual tests" performed running ECART on the case of a theoretical simple
pipework, simulating a part of a LWR primary circuit [Kourti et al., 1995].

Here, the multicomponent feature of the ECART code was applied to accident scenario
object of these analyses, in order to quantify its impaction on the aerosol behaviour. An
input analogous to that already presented for the comparisons with MAAP was run.
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Starting from that input data base, however, negligible multi-component effects were
found (Tab. 8.1). This can be explained by the assumption made on the initial aerosol
particle size. In fact, because of lack of data about the initial particle size of the materials
released from core, species by species, only one geometric mean radius and one geometric
standard deviation were attributed to all species. Moreover, the simultaneous release of all
species, with exception of the non-volatile fission product delayed release, led to have an
agglomeration acting for all species at the same time within in the primary system.

It was impossible to observe agglomeration phenomena acting separately on single
suspended species, having different release times and, then, agglomerating in different
periods of the scenario (this different ageing process seems to be peculiar of containment
aerosols only, which can remain suspended for longer times, and can result from the mixing
of aerosols coming from core-concrete interaction or spray sources).

To explain this monocomponent behaviour, Tab. 8.2 reports the size distribution of the
aerosol particles deposited in the steam generator outlet tubes at the end of the transient
(without modelling any cohesion of deposits), as calculated by ECART code activating, or
not, the multicomponent modellization. The characteristics of deposited aerosols reflect the
above description, and the same bimodal size distribution of the monocomponent case was
obtained by the multicomponent calculation: the deposited particle size distributions had
identical peaks. These two peaks are associated, respectively, to the small particles
deposited because of thermophoresis and to the large particles deposited because of
gravitational settling, while the absence of this bimodal distribution in the non-volatile fission
products particles, with a very large og, can be attributed to the influence of diffusiophoresis
(see also Tab. 7.10).

It is likely that a valuable difference between the monocomponent and the
multicomponent behaviour could be detected for this accident scenario only with the
availability of data on species-dependent initial particle sizes .

8.3 Impact of aerosol resuspension modelling

The evaluation of the potential impact of particle physical resuspension on the
radionuclide transport is presently managed in ECART through a semi-empirical model able
to reproduce, with some approximations, the experimental evidence of lab-scale
resuspension tests performed in the Source Term field.

This aerosol resuspension model was developed for ECART starting from the
encouraging results obtained by Fromentin (1989), who showed, using a stochastic
approach, a good relation between the forces acting on dry and non-cohesive deposited
particles and their resuspension. Since present aerosol computer codes do not work in a
stochastic manner, but describe only average behaviours, a number of source term
experiments were taken as a reference to establish a rough correlation between the
resuspension rate and the resultant acting force (Parozzi, 1992).

In practice, at each time step, and for each aerosol deposit, ECART calculates the
adhesive and aerodynamic forces acting on the different particle sizes. To take into account
that resuspension conditions might occur at the same time as aerosol deposition, the model
assumes that the aerodynamic drag force can be temporarily strong enough to stop the
deposition of airborne particles. Finally, if the sum of the aerodynamic forces (drag and lift)
prevails over the sum of the adhesive forces for a given particle size bin, the resuspension
rate A for that bin of radius r, expressed in s"1, is calculated as a function of the resultant
force, expressed in u.N:
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The sticking effect due to the presence of liquid phases is accounted for by inhibiting
the resuspension of all size bins from the surface where a significant amount of liquid phase
is detected by the code (condensed vapours or water).

Here, this model was activated in all the control volumes of the primary circuit under
analysis, excluding any possible inhibition due to the liquid phase, in order to estimate the
maximum resuspension. However, a very weak influence of this phenomenon on the overall
aerosol transport was found.

In the considered accident scenario, in fact, quite low carrier gas velocities were
predicted by MAAP thermohydraulics (Fig. 8.1): significant values occurred only within the
steam generator inlet tubes (~ 10 m/s) and the hot leg (~ 30 m/s) as a consequence of core
debris quenching following the core support plate failure (16080 s). At that time, the size of
the deposited particles within those components were too small to undergo a significant
resuspension (geometric mean radii of the order of 0.1 urn, and geometric standard
deviations of about 1.8). As the lifting forces here occurring prevail adhesion forces for
particles having a radius larger than about 0.2-0.5 urn, only few particles are able to be
detached.

As a matter of fact, the resuspension can be valued only within the hot leg. While Csl
and CsOH are not involved in this phenomenon because already re-evaporated, the aerosol
resuspension within this component leads to a reduction of TeO2 retention of 0.07%, of non-
volatile fission products of 1.8% and of structural materials of 2.5%. As can be deduced
from Fig. 8.2, this reduction is not due to an effective resuspension of the aerosol deposits,
but to an inhibition of particle deposition.

8.4 Impact of aerosol centrifugal deposition

ECART code is equipped with a model that calculates the aerosol deposition due to the
centrifugal force. This removal mechanism is particularly enhanced in pipe bends, but it can
also give a relevant contribution to the aerosol deposition onto the walls of large
components because of circular pathways promoted by gas natural recirculation.

The same criteria and formulation used to calculate the gravitational settling are
employed in this ECART model to evaluate the centrifugal deposition velocity onto any
curved surface, except that acceleration due to gravity is replaced by the centrifugal
acceleration (both stokesian and non-stokesian particles are accounted for). Each curved
surface is described through two input geometrical parameters: the total curved surface area
and the curved pathway radius r. Then, the centrifugal acceleration is calculated from:

ac = -1— where vs is the fluid velocity along the circular path.
r J

Also, the centrifugal deposition of the aerosol flowing through a bent pipe is corrected
for the trapping of large particles, to account the fact that particles having a deposition time
shorter than the carrier gas residence time have no chance of exiting the bend before
impacting the walls [Parozzi, 1992].

Here, to study the influence of this kind of aerosol retention within the primary circuit,
the possibility to detail the nodalization of a plant component was examined. Because of its
very large surface interested by the aerosol centrifugal impaction, the curved part of the
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steam generator tube bundle was selected as a major example of plant component where this
phenomenon takes place and a consistent ECART input was set up.

Using data included in the MAAP input base deck, a reasonable detailed description
was reached, dividing the primary side of the steam generator in three parts: two vertical
volumes representing, respectively, the upward and downward parts of the tube bundle,
including also the inlet and outlet plenums, and a third volume representing the upper "U"
tubes where the centrifugation is expected to occur (Fig. 8.3).

The results obtained with this new ECART run (run n. 24, as reported in Tab. 7.1)
show that centrifugal deposition affects significantly the amount of aerosol deposited within
the steam generator (from 9% to 24% of the masses retained within this component,
depending on the species) (Tab. 8.3) and leads to a reduction of the radionuclides released
to the containment.

This improved nodalization permitted a more representative description also of the
settling surfaces (i.e. the horizontal projection of the "U" pipes, not accounted for in the
MAAP-like case). As a consequence, the overall retention efficiency of the steam generator
appeared enhanced of 15% to 40%, depending on the species.

As regards the fraction of fission products released from the core that reach the
containment, in practice, a reduction of 4-7% was found, depending on the species.

Although the centrifugal settling occurred in the steam generator "U" pipes was found,
here, to be the most important within the whole primary system, it is obvious that other plant
components (e.g. pipe bends) could be better described, and a further reduction on release
of fission products to the containment could be demonstrated.
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Tab. 8.1 - Deposited masses in the primary system at 20000 s, as calculated by
ECART code activating, or not, the multicomponent modellization of the aerosols.

species

Csl

CsOH

TeO2

non-volatile
FPs

structural
materials

case

mono

multi

mono

multi

mono

multi

mono

multi

mono

multi

upper
plenum

[kg]

0.61

0.61

4.53

4.53

0.90

0.90

4.48

4.50

104.84

105.95

hot leg

[kg]

0.0

0.0

0.0

0.0

0.77

0.77

0.15

0.15

6.99

7.02

st. gen.
inlet

[kg]

6.09

6.33

39.27

40.88

8.05

8.49

37.14

37.05

987.73

986.46

st. gen.
outlet

[kg]

2.60

2.56

17.32

16.89

3.33

3.26

38.72

38.70

467.59

457.02

Intermed.
leg

[kg]

2.54

2.48

16.54

16.17

3.16

3.07

4.25

4.07

296.52

287.19

Tab. 8.2 - Size distribution of the aerosol particles deposited in the steam generator
outlet tubes at 20000 s (no agglomeration of deposits is accounted for), as
calculated by ECART code activating, or not, the multicomponent modellization.

species

average

average

Csl

CsOH

TeO2

non-volatile FPs

structural materials

case n

mono

multi

multi

multi

multi

multi

multi

geom. mean
radius Ipm]

0.48-71 .3

0.48 - 71.3

0.48- 71.3

0.48- 71.3

0.48 - 71.3

0.48

0.48 - 71.3

geom. standard
deviation ag

bimodal

bimodal

bimodal

bimodal

bimodal

2.74

bimodal

( t ) The monocomponent case refers to ECART run n. 14;
the multicomponent case refers to ECART run n.1 7.
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Tab. 8.3 - ECART run accounting for aerosol centrifugal deposition and
gravitational settling within the steam generator "U" tubes: ranges of the fraction of
total releases from the core retained in the steam generator and main removal
mechanisms at 20000 s. Most of the spreading of results is due to the transport
behaviour of non-volatile fission products, which are released with a timing different
from the timings of the other species.

volume

inlet tubes

"IT tubes

outlet tubes

total

fraction of total release deposited [%]

base case (*)

18.0- 22.8

7.6- 21.0

25.9- 41.2

with aerosol centrifugal
deposition and gravitational

settling within the "U" tubes

16.7 - 21.9

9.7 - 15.3

4.2- 18.3

36.1 -47.0

volume

inlet tubes

"U" tubes

outlet tubes

90.5 -

1.0-

29.2-

3.8-

3.2-

base

97.6

7.2

89.9

63.2

7.1

removal mechanisms [%]

case (*)

thermophoresis

turbulent
inertial

diffusiophoresis

gravitational
settling

thermophoresis

with aerosol centrifugal
deposition and gravitational

settling within the HU" tubes

90.7- 97.3

1.1 - 7.0

42.9- 57.8

31.6-43.2

9.0- 13.5

48.1 -92.7

1.0-40.9

3.3- 10.9

thermophoresis

turbulent
inertial

centrifugation

gravitational
settling

thermophoresis

diffusiophoresis

gravitational
settling

thermophoresis

(•) The base case refers to ECART run n. 14;
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9. CONCLUSIONS AND OPEN ISSUES

As the main target of the development of radionuclide transport models is the
calculation of the source term associated to power plant accident scenarios, a test of the
ECART aerosol and vapour section on a significant case and a comparison with MAAP4
results were carried out. The reference input data base was set up by EDF-SEPTEN with
reference to a small LOCA on a main pump seal of a typical 1300 MWe PWR.

In order to permit a reasonable comparison between the performances of the two codes,
MAAP4 thermal-hydraulic and core release output data were taken for the ECART aerosol
and vapour calculations, and an overview of the major discrepancies between the
radionuclide transport phenomena modelled by both codes was made.

Compared to ECART, the releases from the reactor coolant system to the containment
predicted by MAAP are lower by about 10 % (of source mass) for the volatile fission
products and the structural materials, and higher by about 20 % for the non-volatile fission
products.

As regards the aerosol transport, several deposition mechanisms were predicted by
ECART along the whole circuit, and large discrepancies appeared about the importance of
the single deposition phenomena credited by MAAP4.

The assumptions made by MAAP4 about the aerosol retention within the primary
circuit were found as inclusive of the major phenomena expected under the considered
conditions (remembering that this code was built-up for fast-running applications in support
of probabilistic assessment studies). These assumptions, however, cannot be always
explained if examined in the light of their physical meaning or through a mechanistic
reference tool (in particular, importance attributed to particle settling where this mechanism
should be negligible). The produced discrepancies are finally mitigated by a self-
compensation, leading to an acceptable agreement between the two codes about the releases
to the containment. This compensation can be typically associated with radionuclide
transport throughout long and complex pipeworks, while it would be ineffective for leakages
close to the core region or for accident scenarios differing from that taken into account.

With the purpose to give some priority, a deeper analysis on code results was made to
evaluate the phenomena which are mainly responsible of these differences in the primary
system depositions, allowing to focus possible efforts on the related models. The results of
this investigation pointed out that, as regards the volatile fission product
evaporation/condensation, MAAP and ECART use very similar equations, but different
correlations to determine the volatile fission products equilibrium concentration or the
vapour diffusion coefficient. The resulting discrepancies on the deposited mass are however
insignificant, because condensation is not an important deposition phenomenon in the
considered scenario.

Concerning thermophoresis and gravitational settling, that are significant deposition
phenomena in the reactor coolant system, MAAP overestimates in most cases the related
deposition rates, mainly because it does not take into account the particle size distribution.
In the accident scenario that was studied, MAAP correlations appeared as adjusted to very
tiny particles as regards thermophoresis, while appeared adjusted to big particles as regards
gravitational settling.

At last, diffusiophoresis is not credited by MAAP reactor coolant system modellization,
although it promotes significant aerosol deposition within the steam generator.
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Further ECART runs, performed activating aerosol models not included in MAAP4,
showed that the centrifugal deposition in bends (here, the steam generator "U" pipes)
slightly enhances the whole retention in the primary circuit: by 4 % to 7 % (of source mass)
depending on the species. The impact of aerosol physical resuspension and multicomponent
behaviour was found quite weak for the analyzed scenario and the MAAP4-dependent
boundary conditions (low gas velocities, hypotheses about chemical speciation and aerosol
nucleation).

Of course, further discussions could be led about the assumptions made by both codes
on the aerosol nucleation after the release from the core (then investigating on the formation
of chemical compounds differing from those here considered), the chemisorption of some
vapour species onto the steel walls of the circuit (e.g. I2, HI, CsOH and Te^, the relocation
of materials caused by water flowing among the circuit components and the occurrence of
aerosol scrubbing within water sumps.

Further investigations, on the other hand, would require the application of assumptions
and models strongly deviating from those used by MAAP4 code, then permitting
comparisons only on the source term from the primary circuit towards the containment for
specific accident scenarios.
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